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Abstract
Complex fluids, especially fluids containing polymer molecules, are frequently encountered in everyday life
from foods, paints, to cosmetics. Polymeric fluids are usually viscoelastic and do not flow like water. As a
result, these fluids can exhibit flow instabilities even at low Reynolds number (Re) where viscous forces
dominate inertial forces, and a new type of turbulence - purely elastic turbulence. It has been demonstrated that
these nonlinear behaviors are arised from elastic stresses and have been observed in flows with curved
streamlines.
The first part of this work investigates flow instabilities of viscoelastic fluids in microchannel system.
Experiments are performed in a long, straight microchannel where the flow is perturbed by placing a variable
number of cylinders (0 ≤ n ≤ 15). Results show that the initial disturbance is sustained, in the form of
temporal velocity fluctuations, far downstream from the obstacles (200× channel width) in the parallel shear
geometry above certain Weissenberg number (Wi). These temporal fluctuations in velocity increase
nonlinearly with Wi. Above a critical Wi (Wi > 5.4) and a critical number of obstacles (n ≥ 2), a sharply
increase of velocity fluctuations together with a hysteresis loop indicate the presence of a subcritical elastic
instability. It is also observed that the initial disturbances can be spreaded far upstream and the upstream
velocity fluctuations increase linearly with Wi suggesting the existence of a linear instability upstream.
The second part of this thesis is concerned with the rheological characterization of complex fluids in high-
shear-rate environments. Such environments are found in lubrication and coating processes as well as in flow
through porous media. Microfluidic technology is used due to its small length scale so that the flow remains in
the low Re regime (Re << 1) while attaining high shear-rates (up to 104 s-1). Measurements of viscosity of
complex fluids including polymeric solutions and human blood plasma at high shear-rates are performed
using microfluidic-based rheometry. Viscosity is estimated by measuring the pressure drop along a
microchannel using in-situ pressure sensors. Finally, a novel method is proposed and implemented to measure
relaxation times of viscoelastic fluids at low strain.
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ABSTRACT
COMPLEX FLUIDS IN MICROCHANNEL FLOWS AT LOW REYNOLDS
NUMBER: ELASTIC INSTABILITIES AND RHEOLOGY
Lichao Pan
Paulo E. Arratia
Complex fluids, especially fluids containing polymer molecules, are frequently encoun-
tered in everyday life from foods, paints, to cosmetics. Polymeric fluids are usually
viscoelastic and do not flow like water. As a result, these fluids can exhibit flow in-
stabilities even at low Reynolds number (Re) where viscous forces dominate inertial
forces, and a new type of turbulence - purely elastic turbulence. It has been demon-
strated that these nonlinear behaviors are arised from elastic stresses and have been
observed in flows with curved streamlines.
The first part of this work investigates flow instabilities of viscoelastic fluids in mi-
crochannel system. Experiments are performed in a long, straight microchannel where
the flow is perturbed by placing a variable number of cylinders (0  n  15). Results
show that the initial disturbance is sustained, in the form of temporal velocity fluctu-
ations, far downstream from the obstacles (200⇥ channel width) in the parallel shear
geometry above certain Weissenberg number (Wi). These temporal fluctuations in
velocity increase nonlinearly with Wi. Above a critical Wi (Wi > 5.4) and a critical
number of obstacles (n   2), a sharply increase of velocity fluctuations together with
a hysteresis loop indicate the presence of a subcritical elastic instability. It is also ob-
served that the initial disturbances can be spreaded far upstream and the upstream
velocity fluctuations increase linearly with Wi suggesting the existence of a linear
v
instability upstream.
The second part of this thesis is concerned with the rheological characterization of
complex fluids in high-shear-rate environments. Such environments are found in lu-
brication and coating processes as well as in flow through porous media. Microfluidic
technology is used due to its small length scale so that the flow remains in the low Re
regime (Re⌧ 1) while attaining high shear-rates (up to 104 s 1). Measurements of
viscosity of complex fluids including polymeric solutions and human blood plasma at
high shear-rates are performed using microfluidic-based rheometry. Viscosity is esti-
mated by measuring the pressure drop along a microchannel using in-situ pressure
sensors. Finally, a novel method is proposed and implemented to measure relaxation
times of viscoelastic fluids at low strain.
vi
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CHAPTER 1 : Introduction
1.1. Motivation
Complex fluids are a broad class of materials that are usually homogeneous at the
macroscopic scale and disordered at the microscopic scale, but possess structure at
an intermediate scale. Examples include milk, yogurt, chocolate, cosmetics, poly-
meric solutions, colloidal suspensions, blood, and mucus. The rheology and bulk
flow behavior of such fluids are strong functions of their intermediate or structural
scale. Consider for example polymer extrusion, one of the most common technique in
commercial polymer processing in which raw plastic material is melted and formed
into a continuous profile (Bertola and et al., 2003). During this process, the molten
polymer is continuously forced through a shaping die to fabricate many types of ob-
jects. Figure 1.1 shows observations of such process in which the polymer melt shows
a transition from stable to unstable flow behavior as the extrusion rate is increased.
For low extrusion rate, the extruded polymer melt shows regular and smooth outer
surface (Fig. 1.1a). The polymer melt starts to develop small roughness for inter-
mediate extrusion rate (Fig. 1.1b). For high extrusion rate, the polymer melt shows
large roughness as well as wavy distortion which is often called “polymer melt frac-
ture” (Fig. 1.1c). This macroscopic non-Newtonian behavior results from microscopic
elastic stresses due to the flow-induced changes of conformation in highly entangled
polymer chains in the melt.
As hinted above, fluids containing polymer molecules are viscoelastic and do not flow
like water. Even when flowing slowly, these fluids exhibit hydrodynamic instabilities
(Larson et al., 1990; Shaqfeh, 1996; Larson, 1992; Arratia et al., 2006; Groisman et al.,
1
Figure 1.1: Polymer extrusion for di↵erent speeds for a 0.4% borax solution: (a)
smooth surface is observed at low extrusion speed; (b) small roughness is developed at
intermediate extrusion speed; (c) polymer melt fracture is observed at high extrusion
speed. (Bertola and et al., 2003)
2003; Poole et al., 2007; McKinley et al., 1993; Pakdel and McKinley, 1996) and a new
type of turbulence – the so-called purely elastic turbulence (Groisman and Steinberg,
2000, 2004). Most of the nonlinear flow behaviors observed with viscoelastic fluids
arises from the extra elastic stresses due to the presence of polymer molecules in the
fluid. Mechanical stresses in these fluids are history dependent and depend on a char-
acteristic time scale   that in dilute solutions is proportional to the relaxation time
of a single polymer molecule. In semi-dilute solutions,   depends also on molecular
interactions. These stresses grow nonlinearly with strain rate and can dramatically
change the flow behavior. The fact that viscoelastic fluids can lead to flow bifurca-
tions even in the absence of inertia or low Reynolds numbers is of importance to many
industrial applications including flow through porous media, mixing, and extrusion.
Yet the origin and physical mechanisms leading to such abnormal flow behaviors of
viscoelastic fluids are still poorly understood.
Knowledge of the material or rheological properties of complex fluids are critical
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to the development of robust constitutive models and to the understanding of the
many anomalous flow phenomena. While there exist many commercially available
rheometers that can provide such data, they also su↵er from operational limitations.
For example, in measuring the shear viscosity of viscoelastic fluids, the macroscopic
rheometers cannot go beyond a certain Wissenberg number (Wi) usually defined as
the product of the flow shear-rate  ˙ and the fluid relaxation time   such thatWi =   ˙.
That is, above a critical Wi of approximately 5 (Wi &5), the flow becomes unstable
showing radial vortices and the measurements are unreliable (Shaqfeh, 1996; Magda
and Larson, 1988; Groisman and Steinberg, 2000). As a result, the shear-viscosity
data is limited to moderate shear-rate values. While this may be perfectly acceptable
for many applications, it is not enough in situations involving high velocity gradients
such as lubricating, coating, and extruding processes. In this thesis I will show that
microfluidic-based rheometry can provide an inexpensive and reliable method to mea-
sure the shear-viscosity of complex fluids including polymeric solutions and human
blood plasma even at high shear-rates. This thesis makes substantial progresses in
these areas in particular with regards to (i) the understanding of flow instabilities
of viscoelastic fluids in microchannel systems and (ii) rheological characterization of
complex fluids using microfluidic devices.
1.2. Rheology
Rheology is the science that studies the response of a fluid to a prescribed deformation.
It is a subject of extreme industrial importance with a wide range of applications, from
paints to foods, from oil recovery to plastic processing. It is also an interdisciplinary
subject that has attracted attention of scientists and engineers in fields including
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chemical engineering, physics, material science and biology. Simple fluids like water,
air, and low molecular weight gases are often considered to be Newtonian in the
sense that for such fluids the shear-stresses ⌧ are linearly proportional to the shear-
strain-rate  ˙ by a content of proportionality called shear-viscosity µ. This is often
referred to as Newton’s law of viscosity usually written in tensorial form as ⌧¯ =
µ¯˙ . On the other hand, pure solids can be characterized by elasticity that is a
property of a material which return to its original state after it is deformed. This is
Hooke’s law of elasticity usually expressed as   = E" where   is the elastic stress,
E is the elastic modulus (Young’s modulus), and " is the strain. However, many
fluids of practical interests exhibit both viscous and elastic responses when subjected
to deformations. Such fluids are often called viscoelastic because they posses both
fluid-like and solid-like behaviors, and the simple equations describing Newtonian
and Hookean material behaviors are not adequate to fully describe them. In fact,
characterizing the rheological properties of viscoelastic fluids is not a trivial task
since the relationship between stress and strain-rate is often nonlinear and not well
understood.
1.2.1. Constitutive Equations
In this section, I will briefly discuss a widely known constitutive model used to define
the relationship between stress and strain-rate for viscoelastic fluids. The Oldroyd-B
fluid model has been the major constitutive equation used in recent studies of flow
of viscoelastic fluids. In the Oldroyd-B model, the total stress ⌧˜ is written as a
linear combination of solvent stress contribution ⌧˜s and polymer stress contribution
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⌧˜p (Oldroyd, 1950; Larson, 1999; Bird, 1987; Denn, 2004) and is given by
⌧˜ = ⌧˜s + ⌧˜p. (1.1)
For a Newtonian solvent (e.g. water, glycerol), the solvent stress contribution to the
total stress can be written as
⌧˜s = ⌘s
⇥r~u+ (r~u)T⇤ , (1.2)
where ⌘s is the solvent viscosity, and r~u is the velocity gradient. One now needs a
constitutive equation for the polymer stress contribution to the total stress that can
be described by the following equation
⌧˜p +  
r
⌧˜p = ⌘p
⇥r~u+ (r~u)T⇤ , (1.3)
where   is the fluid relaxation time, ⌘p is the polymer viscosity contribution, and
r
⌧˜p
represents the upper-convected derivative (Oldroyd, 1950; Larson, 1999; Bird, 1987;
Denn, 2004) defined as
r
⌧˜p =
@⌧˜p
@t
+ ~u·r⌧˜p   (r~u)T·⌧˜p   ⌧˜p·(r~u). (1.4)
Finally, the Oldroyd-B constitutive equation is then defined by combining Eq. (1.2),
(1.3) and (1.4) into (1.1) (Oldroyd, 1950; Larson, 1999; Bird, 1987; Denn, 2004). Note
that, @⌧˜p/@t is the change of stress with time, ~u·r⌧˜p represents the stress convection
along flow direction, and  (r~u)T·⌧˜p   ⌧˜p·(r~u) is the rate of change of stress as ob-
served while translating and deforming with fluid. The coupling between stress and
strain-rate brings nonlinearities to the constitutive equation. Many of the anomalous
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flow phenomena observed with viscoelastic fluids are due to the nonlinear and time-
dependent relationship between the fluid (shear) stress and the flow (shear) strain-
rate. This is true even at low Reynolds numbers where nonlinear inertial forces are
negligible. It is important to note that the Oldroyd-B model is just one of many
continuum-base constitutive models for viscoelastic liquids. Since Oldroyd-B model
assumes that polymers are modeled as Hookean springs, the extension of polymer
molecules can be infinite. This assumption is not physical because the elongation
of polymer molecule is bounded by the finite length of polymer molecule. Due to
the limitations, other models have been developed including the Finite Extensibility
Nonlinear Elastic (FENE) model and its variations (e.g. FENE-P, FENE-PM)(Bird,
1987; Larson, 1999; Lindner et al., 2003; Purnode and Crochet, 1998; McKinley and
Sridhar, 2002; Spiegelberg and McKinley, 1996). For example, FENE-P model ac-
counts for the finite extensibility of polymer molecules and exhibits shear-thinning
behavior. However, FENE-P model is not able to describe the broad distribution of
polymer relaxation times. In general, all such models have strengths and limitations
as developing robust constitutive models for complex fluids is still an area of much
research.
1.2.2. Macroscopic Rheometry
A rheometer is an instrument that generally measures two quantities: stress and
strain. Stress measures the average force per unit area acting on a surface, while strain
is a dimensionless description of deformation under applied stress. Two geometries are
commonly used in macroscopic rheometers: cone-plate and parallel plate geometries.
Mooney and Ewart (Mooney and Ewart, 1934) suggested the cone-plate geometry
for viscosity measurement in 1934. Until now, the cone-plate geometry has been the
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most commonly used geometry for characterizing fluid properties as well as studying
non-Newtonian behavior.
Figure 1.2: Schmatic of (a) cone and plate rheometer; (b) parallel plate rheometer.
(Macosko, 1994)
A schematic illustration of a cone-plate geometry is shown in Fig. 1.2(a). The test
fluid is placed between the bottom horizontal plate and an upper shallow cone plate.
With an assumption of small angle (  < 0.10 rad ⇡ 6 ), the shear rate is constant
and given by
 ˙ ⇡ ⌦
 
. (1.5)
Moreover, the first normal stress di↵erence N1 can be directly measured from the
total thrust and is given by
N1 = ⌧11   ⌧22 = 2Fz
⇡R2
. (1.6)
Figure 1.2(b) shows the sketch of a parallel plate geometry (Macosko, 1994) which is
more commonly used for viscous melts for small strain. With a gap of h between the
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two parallel disks, the shear rate is a function of both h and r, that is given by
 ˙(r) =
r⌦
h
. (1.7)
However, obtaining reliable rheological data for liquids at high shear-rates (> 103 s 1)
in the above mentioned conventional, commercially-available macroscopic rheometers
is not an easy task due to the development of hydrodynamic instabilities at high
Reynolds number, especially for low viscosity fluids (Larson et al., 1990; Larson, 1999;
Pipe et al., 2008). The Reynolds number (Re) describes the relative importance of
inertial to viscous forces and is usually defined as Re = ⇢UL/µ where ⇢ is the fluid
density, U is the mean fluid velocity, L is a characteristic length scale, and µ is the
fluid viscosity. In addition, edge e↵ects with cone-plate and parallel plate geometries
can cause loss of sample at edges for high shear rates. A more serious edge e↵ect
happens to fluid with high viscosity like polymer melts. At a critical shear rate, a
surface distortion or fracture occurs at the free surface and propagates into the sample
(Keentok and Xue, 1999). This edge failure also limits the ability of measurements
of rheometers with cone-plate or parallel plate geometries. Finally, viscous heating
and fluid degradation are also problems for macroscopic rheometers. Therefore, new
technical innovations for rheometers are in demand.
1.2.3. Lab-on-a-Chip and Microfluidics
The invention of integrated circuit (IC) technology has revolutionized the world of
electronics. With the development of large scale integration, millions of transistors
can be integrated within an area of mm2. A similar revolution is happening to biology,
chemistry and physics communities with the development of Lab-on-a-Chip (LOC)
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technology. The growth of LOC or “miniaturized total analysis system” started in
the 1990s with the concepts of integrated micro pumps and flow sensors for chemical
analysis (Manz et al., 1990). Figure 1.3 shows a schematic illustration of the concept
of LOC which miniaturizes and integrates laboratory processes and functions onto a
single microchip (Chow, 2002).
Figure 1.3: Schmatic illustration of miniaturization and integration of laboratory
processes and functions onto a microchip (Chow, 2002).
Due to its inherent small length scale L, microfluidics has become an attractive sys-
tem with applications in chemistry, biology, and physics. In microfluidic devices,
inertial e↵ects are generally negligible, and viscous dissipation dominates. Since in-
ertia provides the nonlinearity to the flow that leads to hydrodynamic instabilities
and turbulence, microfluidics is preferred for applications that need to eliminate such
nonlinear dynamics. The miniaturization of these analysis techniques also o↵ers many
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other advantages, including small sample requirements of reagent and solvent which
is particularly appealing to biomedical applications where the samples are usually
expensive and rare. Furthermore, the portability, fast reaction time due to small
sample volume, low cost and low power consumption makes the miniaturized system
a potential candidate for multiplexing and integration with other microsystems.
1.2.4. Rheology in Microfluidic Devices: Rheology-on-a-Chip
As discussed in Section 1.2.3, microfluidic devices can simplify the experiments by
eliminating inertial e↵ects so that the hydrodynamic instabilities are eliminated or
minimazed. Moreover, high shear rates  ˙ can be easily obtained due to its inherent
small length scale L of the microfluidic devices since  ˙ = U/L where U is the fluid
velocity . Such advantages render microfluidic devices attractive alternative to the
community of rheology for investigating the rheological properties of liquids at high
shear-rates (U/L) (Schultz and Furst, 2011; Gisler and Weitz, 1998; Gittes et al., 1997;
Mason and Weitz, 1995; Pipe et al., 2008; Kang et al., 2005; Laun, 1983; Kim and
Pak, 2010; Palmer et al., 1999). Recently, there have been many proposed methods
to measure the rheological properties of liquids in microsystems that rely on particle
velocimetry (Nordstrom et al., 2010; Schultz and Furst, 2011; Gisler and Weitz, 1998;
Gittes et al., 1997; Mason andWeitz, 1995), measuring pressure drops in flows through
capillaries and slit geometry (Pipe et al., 2008; Kang et al., 2005; Laun, 1983), and
di↵using wave spectroscopy (Kim and Pak, 2010; Palmer et al., 1999). Despite such
advances, there are still many challenges in making such devices user friendly.
Recently, the use of polydimethylsiloxane (PDMS) elastomer for microfluidic devices
have proved to have numerous advantages (Quake and Scherer, 2000; Wu et al., 2011;
10
Li et al., 2010; Orth et al., 2011). It is a material that is inexpensive, flexible, and op-
tically transparent with well characterized mechanical properties. Fabrication of mi-
crofluidic device in PDMS is easy and straightforward with standard soft-lithography
method (McDonald and Whitesides, 2002; Sia and Whitesides, 2003; Xia and White-
sides, 1998). PDMS is compatible with biological applications since it is impermeable
to water, nontoxic to tissues and cells, and permeable to gases. The easy bonding
process of PDMS with PDMS and other materials provide opportunities to build
more sophisticated microfluidic systems. Last but not least, the conductivity of the
well-known PDMS elastomer can be tuned by adding conductive fillers to it, such
as metallic powder, carbon black, and carbon nanotubes (Niu et al., 2007; Abyaneh
and Kulkarni, 2008; Lipomi et al., 2011). This PDMS composite shows piezoresis-
tive property that is mainly determined by the electron tunnelling between isolated
filler particles in the polymer matrix (Strumpler and Glatz-Reichenbach, 1999; Toker
et al., 2003). This PDMS composite has become an attractive material for fabri-
cating pressure sensing devices (Liu, 2007; Chuang and Wereley, 2009; Wang et al.,
2009; Lipomi et al., 2011) due to its capability to measure a wide range of pressure
with high sensitivity achieved by simply changing the type and concentration of filler
materials, as well as the polymer film thickness.
1.3. Flow Instabilities
1.3.1. Newtonian Fluids
The discovery of hydrodynamic instabilities in fluids has long attracted the attention
of scientists and practioners. In 1883, Osborne Reynolds presented a famous ex-
perimental investigation of turbulence transition in pipe flow (Reynolds, 1883). His
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experimental observations showed that: (1) when the velocity of water is low enough,
the interface between the colored and clear water is smooth and straight indicating
that the flow is laminar (Fig. 1.4a); (2) for intermediate flow rate, a certain amplitude
of perturbation is needed to drive the colored water to mix up with the surrounding
water at a considerable distance from the inlet (Fig. 1.4b); (3) when the velocity is
su ciently high, the steady motion shown in Fig. 1.4(a) breaks down and the col-
ored water resolved into the surrounding water showing distinct eddies (Fig. 1.4c).
Reynolds also showed for the first time the distinction between steady and eddy mo-
tion based on a dimensionless relationship of velocity and length scale which later on
known as Reynolds number (Re). This type of flow instability in Newtonian fluids is
caused by the inertial force induced nonlinearities. However, in microfluidic systems,
the nonlinearities provided by inertia are negligible due to the small length scale (low
Re), it would seem that the microfluidic flows are uninteresting due to the loss of
nonlinearities. In fact, the rich physics and interesting flow behaviors in microfluidic
devices have drawn the attention of scientists from various disciplines.
1.3.2. Flow Behavior of Viscoelastic Fluids
Fluids containing polymer molecules do not flow like water. These fluids can exhibit
hydrodynamic instabilities even at low Reynolds number (Re) where linear viscous
forces dominate non-linear inertial forces, and a new type of turbulence - the so-called
purely elastic turbulence. In fact, flow instabilities and nonlinear dynamics have also
been observed in viscoelastic fluids (Larson et al., 1990; Shaqfeh, 1996; Larson, 1992;
Arratia et al., 2006; Groisman et al., 2003; Poole et al., 2007; McKinley et al., 1993;
Pakdel and McKinley, 1996), particularly those containing flexible polymers. For
example, Larson, Shaqfeh, and Muller observed a non-inertial cellular instability of
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Figure 1.4: Experimental results of motion of water through parallel pipes by Osborne
Reynolds in 1883 (Reynolds, 1883). (a) When the velocity of water is low enough,
the interface between the colored and clear water is smooth and straight. (b) As the
velocity is increased to some point, the colored water will mix up with the surrounding
water at a considerable distance from the inlet. (c) When the velocity is su ciently
high, the colored water resolved into the surrounding water with distinct curls.
dilute polymer solutions in Taylor-Couette flows in 1989 (Larson et al., 1990; Muller
et al., 1989). They added small amount of mica flakes to the test fluid that is 1000
ppm polyisobutylene (PIB) in polybutene (PB) for visualization of flow structures.
Such dilute solutions of high molecular weight polymers (e.g. PIB, PAA) dissolved
in a low molecular weight viscous solvent (e.g. PB, glycerol) are known as Boger
fluid which is an elastic liquid with a constant viscosity (Boger, 1977; James, 2009).
At the onset of elastic instability in Taylor-Couette cell, the banded vortex structure
is well-defined with a characteristic axial scale (Fig. 1.5b). This banded vortex
structure is comparable to the inertial force driven Taylor-Couette instability (Fig.
1.5a) with approximately similar wavelength. However, after a long time period (1000
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s or longer), the banded vortex structure evolved to a more complicated structure
with multiwavelengths (Fig. 1.5c). Later on, Groisman and Steinberg showed that
elastic stresses can lead to e cient mixing in curved pipes at low Re (Groisman and
Steinberg, 2001) and to a flow that resembles many of the same features of Newtonian
turbulence (Groisman and Steinberg, 2000).
Figure 1.5: Photographs of purely elastic instability in Taylor-Couette flow by Muller,
Larson and Shaqfeh in 1989 (Muller et al., 1989). Small amount of mica flakes were
added to the test fluids for visualization. (a) Taylor cell instability of a Newtonian
fluid (glycerol aqueous solution). (b) Initial development of axial vortices showing the
onset of elastic instability. (c) After a long time period, the banded vortex structure
evolved to multiwavelength structure.
It has been demonstrated that these flow instabilities arise from the extra elastic
stresses due to the presence of polymer molecules in the fluid and interaction of poly-
mer molecules with the flow (Larson, 1999). Polymeric fluids are usually viscoelastic,
and the elastic stresses in such fluids are history dependent and evolve on the time-
scale   that in dilute solutions is proportional to the time needed for a polymer
molecule to relax to its equilibrium state (Larson, 1999). These elastic stresses grow
nonlinearly with shear-rate and can dramatically a↵ect the flow behavior even at
low Re. If the velocity gradients are large enough, then polymer molecules that are
“coiled” at equilibrium will begin to stretch. The molecular stretching is often char-
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acterized by the Weissenberg number (Wi) defined as Wi =  ˙ , where  ˙ is the flow
shear rate and   is the fluid relaxation time (Larson, 1999; Bird, 1987; Denn, 2004).
When Wi is greater than unity, polymer molecules that are “coiled” at equilibrium
state in the fluid tend to stretch or unravel due to the high velocity gradient. This
so-called “coil-stretch” transition was first seen in extensional flows (Gennes, 1974;
Perkins et al., 1997; Smith and Chu, 1998; Smith et al., 1999; Schroeder et al., 2003).
A common well-known example of flow phenomenon due to the stretching of flexible
molecules is the so-called “rod-climbing” e↵ect (Fig. 1.6) where a viscoelastic fluid
creeps up a rod being rotated in the fluid (Weissenberg, 1947; Denn, 2004). This
e↵ect is caused by the shear-induced stretching of polymer molecules in the flow. The
stretching occurs because one end of the molecule is located near the center and trav-
els faster than the other end located further from the center. An extra elastic stress is
obtained when the polymer molecule is pulled toward the rod due to the presence of
curved streamlines and large enough Wi. In fact, this extra elastic stress due to the
curvature of streamlines and molecular stretching is quite ubiquitous and responsible
for many anomalous flow phenomena and instabilities observed in experiments (Lar-
son et al., 1990; Pakdel and McKinley, 1996; Larson, 1999; Denn, 2004; Groisman and
Steinberg, 1998; Arora et al., 2002; Arratia et al., 2005a) and simulations (McKinley
et al., 1993, 1991; Sadanandan and Sureshkumar, 2004; Sureshkumar, 2001).
It has been argued that curved streamlines are a necessary condition for infinites-
imal perturbations to be amplified by the normal stress imbalances in viscoelastic
flows (Larson et al., 1990; Pakdel and McKinley, 1996; McKinley et al., 1996). This
condition can be written as ( UN1)/(R⌃)  M (Pakdel and McKinley, 1996; McKin-
ley et al., 1996; Morozov and van Saarloos, 2007), where M is a constant that only
depends on the type of flow geometry, U is a typical velocity along the streamlines,
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Figure 1.6: “Rod-climbing” (Weissenberg) e↵ect with a viscoelastic fluid (Denn,
2004).
R is the radius of streamline curvature, and N1 and ⌃ are the first normal stress
di↵erence and the shear stress, correspondingly. According to this condition, purely
elastic linear instabilities are not possible when the curvature of the flow geometry is
zero, and infinitesimal perturbations decay at a rate proportional to 1/  (Pakdel and
McKinley, 1996; Ho and Denn, 1977; Wilson et al., 1999). This statement has often
been misinterpreted to imply general stability of viscoelastic parallel shear flows, like
flow in a straight pipe or channel, under artbitrary flow perturbations. However,
recent theoretical (Meulenbroek et al., 2004; Morozov and van Saarloos, 2005, 2007)
and indirect experimental (Bertola and et al., 2003; Bonn et al., 2011) evidences point
towards a nonlinear instability in flows with parallel streamlines even at low Re. Hoda
et al. (Hoda et al., 2008, 2009) applied linear systems theory to numerically investi-
gate the temporal and spatial evolution of disturbances of viscoelastic fluids in both
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Poiseuille and Couette flows at vanishing Re. Their results show that streamwise-
constant velocity fluctuations can be significantly amplified for viscoelastic fluids in
the absence of inertia.
On the other hand, in open flows (e.g. channel flows, jets), there is also an upstream
region before the initial perturbation. The nature of flow instabilities in open channel
flows has long been studied (Deissler, 1987; Huerre and Monkewitz, 1990; Schatz et al.,
1991; Schatz and Swinney, 1992; Schatz et al., 1995). According to previous studies,
the existence of instabilities driven by nonlinear inertial forces in the upstream flow
seems not possible in open channel flows in the sense that flow disturbance advects
faster than it spreads. However, for flow in microchannels, it has been demonstrated
that flow instabilities arise from the extra elastic stresses instead of inertial forces.
In fact, upstream vortices and instabilities have long been observed for viscoelastic
fluids in contraction geometries (Boger et al., 1986; McKinley et al., 1991; Boger
and Binnington, 1990; Rothstein and McKinley, 2001; Rodd et al., 2005; Squires and
Quake, 2005; Rodd et al., 2007, 2010). Therefore, the question here is that if there
exists an instability in the upstream flow in parallel channel geometry for viscoelastic
fluid.
1.4. Thesis Overview
This work addresses flow of complex fluids in microchannel systems and microfluidic
devices. In particular, purely elastic instabilities using polymeric solutions are inves-
tigated in microchannels with parallel shear geometry both in the downstream and
upstream from an imposed perturbation. Furthermore, important rheological prop-
erties of di↵erent polymeric fluids, including shear thinning fluid, blood plasma, and
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viscoleastic fluids, are measured using microfluidic devices.
Chapter 2 starts with experimental evidence of a nonlinear subcritical elastic instabil-
ity in the downstream regime microchannel flows at low Reynolds number (Re). Flow
disturbances are introduced at the entrance of the microchannel system by placing a
variable number of obstacles (cylinders). Above a critical flow rate and a critical size
of the perturbation, a sudden onset of large velocity fluctuations indicates presence
of a nonlinear subcritical instability.
The discussion of purely elastic instabilities continues in Chapter 3 which focuses
on the upstream flow from the imposed perturbation in the microchannel system.
Flow disturbances are still introduced by placing di↵erent number of obstacles as
in Chapter 2, but located in the middle of microchannel length in order to monitor
the flow behavior upstream. Above a critical Weissenberg number (Wi), a linear
increase of velocity fluctuations suggests the existence of a linear elastic instability
in the upstream regime while the downstream exhibits a nonlinear subcritical elastic
instability.
Chapter 4 describes a microfluidic rheometer that uses in-situ pressure sensors to
measure the viscosity of liquids at low Reynolds number. The micro pressure sensor
is fabricated using conductive particles/PDMS composites. The sensing membrane
maps pressure di↵erences at various locations within the microchannel in order to
measure the fluid shear stress in-situ at a prescribed shear rate to estimate the fluid
viscosity. This microfluidic device is capable to measure viscosity of both Newtonian
and shear-thinnning fluids for shear rates up to 104 s 1 while keeping Re well below
1. Furthermore, di↵erential pressure measurements are used for rheological charac-
teristics of pooled human blood plasma in a microfluidic device with a contraction-
expansion geometry. Although tht e blood plasma behaves like Newtonian fluid under
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in shear flow, it shows viscoelastic behavior under extensional deformation. Experi-
mental evidence reveals that the plasma has a pronounced flow resistance compared
to that of pure water. This finding show that the viscoelastic properties of blood
plasma should not be ignored in future studies on blood flow.
Chapter 5 applies a novel method of testing creep recovery in a microfluidic device.
This method allows for the measurement of relaxation times of viscoelastic fluids at
low strain. After applying a steady pressure-driven flow along a microchannel, the
pressure is released and the fluid is allowed to relax and come to rest. Local strains
are observed via the time-dependent velocity profiles and are fit to the Kelvin-Voigt
model to obtain the fluids relaxation times. The use of polymeric solutions of various
molecular weights allows for the observation of relaxation times for strains ranging
from 0.01 to 10. Results are consistent with data obtained in a macroscopic rheometer
and with a viscoelastic constitutive model.
Chapter 6 concludes the dissertation by summarizing the major contributions of this
work and suggesting further work which extends the understanding of flow behavior
as well as important rheological properties of complex fluids in microchannel systems
and microfluidic devices.
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CHAPTER 2 : Nonlinear Subcritical Elastic Instabilities
2.1. Introduction
The discovery of hydrodynamic instabilities in fluids has long attracted the atten-
tion of scientists and practioners. In 1883, Osborne Reynolds presented a famous
experimental investigation of turbulence transition in pipe flow for Newtonian fluids
(Reynolds, 1883). His experimental observations showed that: (1) below a lower criti-
cal Re, there is no turbulence; (2) above an upper Re, the steady motion breaks down;
(3) for intermediate Re, a certain amplitude of perturbation is needed to drive the
flow unstable. Those flow instabilities in Newtonian fluids are caused by the inertial
forced induced nonlinearities.
In fact, flow instabilities and nonlinear dynamics have long been observed in vis-
coelastic fluids (Larson et al., 1990; Shaqfeh, 1996; Larson, 1992; Arratia et al., 2006;
Groisman et al., 2003; Poole et al., 2007; McKinley et al., 1993; Pakdel and McKinley,
1996), particularly those containing flexible polymers. For example, Larson, Shaqfeh,
and Muller observed a non-inertial cellular instability of dilute polymer solutions in
Taylor-Couette flows as shown in Fig. 1.5 (Larson et al., 1990; Muller et al., 1989).
Groisman and Steinberg showed that elastic stresses can lead to e cient mixing in
curved pipes (Fig. 2.1a) at low Re (Groisman and Steinberg, 2001). For Newtonian
fluid at low Reynolds number (Re = 0.16), the flow remains stable with a sharp and
clear interface between fluorescent dyed and undyed fluid (Fig. 2.1b). On the other
hand, the flow of polymeric solutions in the same curved pipe shows elastic instability
which lead to irregular flow and mixing in the absence of inertia (Fig. 2.2c). They
also showed that elastic stresses can lead to a flow of viscoelastic fluid that resem-
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bles many of the same features of Newtonian turbulence (Groisman and Steinberg,
2000). A common feature of the above-mentioned geometries is the presence of curved
streamlines in the base flow with a su cient velocity gradient accross the streamlines.
Figure 2.1: E cient mixing in curved pipes at low Reynolds number using dilute
polymer solutions (Groisman and Steinberg, 2001). (a) Experimental set-up. The
curved pipes have N half-rings and snapshots were taken at N = 29. Snapshots of
flow behavior of (b) Newtonian fluid and (c) polymeric solution in curved pipes at
low Reynolds number. Bright regions represent fluid with fluorescent dye.
It has been demonstrated that these viscoelastic instabilities arise from the extra
elastic stresses due to the presence of polymer molecules in the fluid and interaction
of polymer molecules with the flow (Larson, 1999). Polymeric fluids are usually
viscoelastic, and the elastic stresses in such fluids are history dependent and evolve
on the time-scale   that in dilute solutions is proportional to the time needed for
a polymer molecule to relax to its equilibrium state (Larson, 1999). These elastic
stresses grow nonlinearly with shear-rate and can dramatically a↵ect the flow behavior
even at low Re. If the velocity gradients are large enough, then polymer molecules
that are “coiled” at equilibrium begin to stretch. This molecular stretching is often
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characterized by the Weissenberg number (Wi) defined as Wi =  ˙ , where  ˙ is
the flow shear rate and   is the fluid relaxation time (Larson, 1999; Bird, 1987;
Denn, 2004). When Wi is greater than unity, polymer molecules that are “coiled”
at equilibrium state in the fluid tend to stretch or unravel due to the high velocity
gradient. This so-called “coil-stretch” transition is know to occur in extensional flows
(Gennes, 1974; Perkins et al., 1997; Smith and Chu, 1998; Smith et al., 1999; Schroeder
et al., 2003).
A common well-know example of flow phenomenon due to the stretching of flexible
molecules is the so-called “rod-climbing” e↵ect where a viscoelastic fluid creeps up a
rod being rotated in the fluid (Weissenberg, 1947; Denn, 2004). This e↵ect is caused
by the shear-induced stretching of polymer molecules in the flow. The stretching
occurs because one end of the molecule is located near the center and travels faster
than the other end located further from the center. An extra elastic stress is obtained
when the polymer molecule is pulled toward the rod due to the presence of curved
streamlines and large enoughWi. In fact, this extra elastic stress due to the curvature
of streamlines and molecular stretching is quite ubiquitous and responsible for many
anomalous flow phenomena and instabilities observed in experiments (Larson et al.,
1990; Pakdel and McKinley, 1996; Larson, 1999; Denn, 2004; Groisman and Steinberg,
1998; Arora et al., 2002; Arratia et al., 2005a) and simulations (McKinley et al., 1993,
1991; Sadanandan and Sureshkumar, 2004; Sureshkumar, 2001).
It has been argued that curved streamlines are a necessary condition for infinites-
imal perturbations to be amplified by the normal stress imbalances in viscoelastic
flows (Larson et al., 1990; Pakdel and McKinley, 1996; McKinley et al., 1996). This
condition can be written as ( UN1)/(R⌃)  M (Pakdel and McKinley, 1996; McKin-
ley et al., 1996; Morozov and van Saarloos, 2007), where M is a constant that only
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depends on the type of flow geometry, U is a typical velocity along the streamlines,
R is the radius of streamline curvature, and N1 and ⌃ are the first normal stress
di↵erence and the shear stress, correspondingly. According to this condition, purely
elastic linear instabilities are not possible when the curvature of the flow geometry is
zero, and infinitesimal perturbations decay at a rate proportional to 1/  (Pakdel and
McKinley, 1996; Ho and Denn, 1977; Wilson et al., 1999). This statement has often
been misinterpreted to imply general stability of viscoelastic parallel shear flows, like
flow in a straight pipe or channel, under artbitrary flow perturbations.
Nevertheless, the absence of a linear instability does not imply absolute stability.
Indeed, recent theoretical (Meulenbroek et al., 2004; Morozov and van Saarloos,
2005, 2007; Hoda et al., 2008; Jovanovic´ and Kumar, 2010) and indirect experimental
(Bertola and et al., 2003; Bonn et al., 2011) evidence points towards a finite-amplitude
transition in viscoelastic flows with parallel streamlines even at low Reynolds num-
ber, where viscous and elastic forces dominate over inertial forces. An earlier study
of the flow of a polymeric melt extruded out of a thin cylindrical capillary (Bertola
and et al., 2003) reported that outside the capillary the extrudate developed periodic
surface modulations above a critical flow rate. While this behavior was shown to be
hysteretic, and thus consistent with a nonlinear instability scenario, it was unclear
whether the instability originated inside or outside of the capillary. In a recent inves-
tigation of a dilute polymer solution flowing in a straight pipe (Bonn et al., 2011),
the authors observed unusually large velocity fluctuations inside the pipe, but the
subcritical nature of the instability was not established and no hysteretic behavior
was reported. In this chapter, I will present the first direct experimental evidence
of a nonlinear subcritical instability in a wall-bounded straight channel flow for a
single-phase viscoelastic fluid.
23
2.2. Experimental Setup
2.2.1. Experimental Design
Experiments are performed in a long, straight microchannel that consists of a short
initial perturbation region followed by a long parallel flow region (Fig. 2.2a). The
channels are 90 µm deep, 100 µm wide and 3.3 cm long. The perturbation region is
very short (⇠ 0.2 cm) and contains evenly-spaced cylinders that are 50 µm in diam-
eter and 90 µm tall; the distance between two adjacent cylinders is 200 µm (center
to center). The number of cylinders n in this region varies from 1 to 15, in which the
goal is to introduce finite amplitude disturbances into the flow; a channel devoid of
cylinders n=0 is also used for control. The parallel flow region is a long (⇠ 3.1 cm),
straight channel devoid of cylinders in which the fate of an initial disturbance is moni-
tored using dye advection and velocimetry methods. All microchannels are fabricated
using standard soft-lithography methods (McDonald and Whitesides, 2002).
2.2.2. Rheology of Working Fluids
Both Newtonian and polymeric fluids are investigated. The Newtonian fluid is a
90% by weight glycerol aqueous solution with shear viscosity of approximately 0.2
Pa·s. The polymer used here is high molecular weight polyacrylamide (PAA, 18 x
106 MW), which has a flexible backbone. The polymeric solution is made by adding
300 ppm of PAA to a viscous Newtonian solvent (90% by weight glycerol aqueous
solution). The polymer concentration (c) in solution is 300 ppm and the PAA overlap
concentration (c*) is approximately 350 ppm (c/c*=0.86) (Pelletier et al., 2003).
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Figure 2.2: (a) Sketch of experimental setup showing a long microchannel (90 µm
deep, 100 µm wide and 3.3 cm long) comprised of an initial perturbation region (⇠
0.3 cm long) with cylinders (d = 50 µm) followed by a long parallel shear region (⇠
3 cm). The dash line window represents a typical sampling position. (b, c) Sample
snapshots of dye advection visualization experiments at Re < 0.01 and n=15, where n
is the number of cylinders. Dye is injected at approximately 1.0 cm downstream from
the end of the initial perturbation region. Snapshots correspond to flow patterns
in the parallel flow region. (b) Newtonian case: the snapshot shows a very stable
stream of dyed fluid that only mixes due to molecular di↵usion. (c) Polymeric case
(Wi=10.9): the dye patterns show a stream that quickly broadens and mixes with
undyed fluid. Field of view is only nine channel widths.
Under such conditions, the viscosity of the solution is weakly dependent on the shear
rate. A strain-controlled cone-plate rheometer (RFS, TA Instruments) is used to
characterize both fluids at 23  C. The data shows that the polymeric fluid possesses
a shear-viscosity that is nearly constant at 0.3 Pa·s for shear rates ( ˙) ranging from
10 s 1 to 100 s 1. This range of shear rates is common in the channel experiments.
Fitting the data to a simple power law model I obtain an exponent of 0.81 which
implies weakly shear-thinning behavior (Fig. 2.3a). The first normal stress di↵erence
N1 is also measured in the cone-plate geometry (Fig. 2.3b) and is a measure of the
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elastic stresses present in the polymeric solution.
Figure 2.3: Fluid rheological characterization. (a) Shear viscosity ⌘ of both Newtonian
and polymeric solutions and (b) normal stress di↵erence N1 for polymeric solution
only as a function of shear rate ( ˙) measured using a strain-controlled cone-plate
rheometer at an ambient temperature of 23  C. (c) The Weissenberg number defined
as Wi( ˙)=N1( ˙)/[2 ˙⌘( ˙)] as a function of shear rate, and a power law fit (line) given
by Wi( ˙)=2.07 ˙0.31.
For all experiments, the Reynolds number (Re) is small (<0.01) due to the channel
small length scale and high fluid viscosity. Here Re=⇢UL/⌘ , where U is the fluid
velocity, L is a characteristic length scale, ⇢ is the fluid density, and ⌘ is the fluid
viscosity. The magnitude of the elastic stresses compared to viscous stresses is char-
acterized by the Weissenberg number (Magda and et al., 1993; Bird, 1987) defined as
Wi=N1/(2 ˙⌘), where N1 is the first normal stress di↵erence and  ˙ is the shear-rate.
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2.2.3. Defining Shear Rate and Weissenberg Number
For each flow rate, I measured the average velocity profile for various types of the
microchannel (0, 1, 2, 5, 15-post channel). The maximum center-line velocity umax of
the measured profiles is used to estimate the shear rate in the channel experiments.
Since the channels cross-section has dimensions 100 µm ⇥ 90 µm, the maximum shear
rate in the channel can be approximated by
 ˙ = umax/a (2.1)
where a = 45 µm is half the height of the microchannel.
The Weissenberg number, which is the ratio of elastic to viscous stresses, is defined
here as
Wi( ˙) =
N1( ˙)
2 ˙⌘( ˙)
(2.2)
where ⌘ is the fluid shear viscosity (Fig. 2.3a), N1 is the first normal stress di↵erence
(Fig. 2.3b),  ˙ is the maximum shear rate, given by Eq. (2.1). This dimensionless
parameter is dependent on the shear rate and is useful in characterizing viscoelastic
fluids that possesses shear-rate dependent behavior(Magda and et al., 1993; Bird,
1987). For shear rates larger than 100 s 1, the values of Wi are extrapolated using a
power law fit, Wi( ˙) = 2.07 ˙0.31, as shown in Fig. 2.3c.
2.2.4. Residence Times
In order to demonstrate that the channel is long, that is, that initial perturbations
created by the unstable flow around the cylinders would have had enough time to
27
Table 2.1: Ratio of the residence to relaxation times.
Wi 4.0 5.4 6.6 7.3 7.8 8.1 9.1 10.2 10.9 11.5
L/(aWi) 111 82 67 61 57 55 49 44 41 39
decay had the parallel shear region been stable, I estimate here the residence time
of the fluid in the channel by L/umax, where L ⇡ 2 cm is the distance between the
last cylinder and the observation point at 200W downstream. This time is compared
to the relaxation time of the polymeric solution which is estimated by Wi/ ˙. The
ratio of the two timescales, given by L/(aWi), is shown in Table 2.1 for various
values of Wi. As one can see, even at the highest value of the Weissenberg number
(Wi), the residence time is much longer than the relaxation time of the solution, and
the downstream fluctuations reported here cannot be attributed to the downstream
advection of the perturbations created around the cylinders.
2.2.5. Dye Advection and Particle Tracking Velocimetry
Two main types of experiments are performed: dye advection and particle tracking
velocimetry. Dye advection experiments are performed by injecting small amounts
of fluorescein at the center of the channel from the top using a multilayer injection
scheme. Dyed fluid is injected at approximately 1.0 cm downstream from the initial
perturbation region in order to display only the flow patterns in the parallel flow
region after the perturbation is introduced. Images are taken 1 cm downstream
from injection point. Figures 2.2(b) and (c) show snapshots of the dye advection
experiments at Re < 10 2 for both the Newtonian and polymeric cases, respectively
for a channel containing 15 cylinders (n = 15). The Newtonian case (Fig. 2.2b)
shows a stable layer of dyed fluid that does not mix with the undyed fluid except
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by di↵usion. An entirely di↵erent pattern is observed when the Newtonian fluid is
replaced by a polymeric solution at Wi = 10.9 (Fig. 2.2c). The dyed fluid quickly
mixes with the undyed fluid, which suggests the presence of hydrodynamic instabilities
and time-dependent flow. Below I show that this time-dependent flow is not due to
the downstream advection of the fluctuations around the cylinders, but rather is a
unique non-linear state independent of the original perturbation.
Particle velocimetry methods are used to quantify the instability observed in the dye
experiments. The flow is seeded with small fluorescent polystyrene particles (0.86 µm
in diameter) that are tracked using a CMOS camera operated at 3 kHz and an epi-
fluorescent microscope. The Stokes number is a measure of flow tracer fidelity in
particle tracking velocimetry (PTV), and is defined as St = ⌧U0/dc (Deen, 1998).
Here ⌧ is the characteristic time scale in the exponential decay of particle velocity
due to the drag, U0 is the fluid velocity, and dc is the diameter of the tracer particle.
Based on this definition, St is always smaller than 2⇥10 6 in all the experiments which
indicates that the particles will faithfully follow the streamlines. The particle tracks
are measured at the mid-point between the top and bottom planes of the channel in
order to minimize the e↵ects of out-of-plane velocity gradients; the thickness of the
measuring plane is approximately 2 µm. The measured particle tracks are used to
compute the flow velocity fields. Measurements are performed in several locations
along the channel including one channel width (1W) after the last cylinder as well as
50W, 100W, 150W, and 200W. The 1W measuring location is used to monitor the
amplitude of the initial disturbance introduced in the flow by the array of n cylinders.
The other measuring locations are used to monitor the fate of the initial disturbance
in the parallel flow region.
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Figure 2.4: Velocity signals and corresponding power spectra. (a,b) Spatially averaged
velocity magnitude as a function of time measured in the parallel flow region 200W
(or 2 cm) downstream from the last cylinder, where W = 100 µm, for (a) n=15 as
a function of Wi and for (b) Wi=10.9 as a function of n. The polymeric fluid flow
becomes time-dependent under a su ciently large initial perturbation. The straight
channel case (n=0) shows no velocity fluctuations under the same conditions and even
for the highest value ofWi (250 s 1). No fluctuations are found for the Newtonian case
at any flow rate. (c, d): Corresponding power spectra of the velocity measurements
for (a) and (b) respectively, showing a 2-4 orders of magnitude increase in the spectral
power at low frequencies.
2.3. Results and Discussion
2.3.1. Velocity Signals and Power Spectra
To quantify the time dependence of the flow, A square area (about 35% of the channel
width centered at midpoint) is sampled of the velocity fields, and measure the average
speed as a function of time. The sampling rates are long enough (⇠ 1 ms) to ensure
the accuracy of the velocimetry measurement but are much shorter than the typical
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time scale of the fluid motion. All measurements shown in Fig. 2.4 are taken at
200W or 2 cm downstream from the last cylinder. Figure 2.4(a) shows samples of
the velocity magnitude records measured far downstream (200W) for a channel with
n=15 as function of Wi or equivalently flow rate. It is found that, for the polymeric
case, the velocity fluctuations become larger as Wi is increased. The Newtonian
case, on the other hand, produces no such fluctuations at comparable shear-rates
(210 s 1). In Fig. 2.4(b), velocity records of the polymeric solution are shown at
a fixed Wi=10.9 for channels with di↵erent number of cylinders n. For the case of
an empty channel (n=0), the viscoelastic case shows no significant fluctuations even
at the highest shear-rate. Time-dependent velocity fluctuations, however, become
apparent as cylinders are introduced in the channel.
The corresponding power spectra of the velocity signals in Fig. 2.4(a) and (b) are
shown in Fig. 2.4(c) and (d), respectively. Since the entire velocity field must be
measured at each instant, the records are only a few hundred points long, but this
is su cient to establish the qualitative features of the spectra. In Fig. 2.4(c), it is
noted that the spectral power at low frequencies grows by 2-4 orders of magnitude
as the Wi is increased at a fixed n. A similar behavior is observed as n is increased
at a fixed Wi. The velocity fluctuations are non-periodic, with a possible power-law
spectral decay, indicating that the flow is excited at many time-scales. Such decay
has been observed in many flow geometries with curved streamlines and has been
interpreted as evidence of elastic turbulence (Groisman and Steinberg, 2000, 2004).
The Newtonian and n=0 (polymeric) cases, on the other hand, show a relatively flat
power spectra consistent with noise.
The velocity fluctuation is further illustrated by plotting the instantaneous and mean
velocity profiles of the polymeric fluid. For Wi=5.4 (Fig. 2.5a), there is no time-
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Figure 2.5: Velocity profiles. Instantaneous and mean streamwise velocity profiles as
a function of the cross-channel coordinate for n=15 for (a) Wi = 5.4 and (b) Wi =
10.9. The velocity profiles are computed at time intervals of 2 s and are compared to
their time-averaged mean profile.
dependence while for Wi=10.9 (Fig. 2.5b), the instantaneous velocity profiles show
significant di↵erences between each other and with the mean profile. Importantly,
the amplitude of velocity fluctuations is roughly independent of n at a fixed Wi, as
can be seen from Fig. 2.4(b).
2.3.2. Velocity Fluctuations along the Channel
Next, I will investigate how the amplitude of the velocity fluctuations changes along
the channel. In Fig. 2.6, I plot the standard deviation   of the velocity signal
normalized by its mean <V> measured at di↵erent locations in the parallel shear
region as function of Wi for n=15. As expected, the velocity fluctuations for the
Newtonian case are small (⇠ 0.01) and independent of the channel position even
at high shear-rates. Results for the polymeric solution show a di↵erent behavior.
For Wi up to 5.4, the values of  /<V> are relatively large immediately after the
last cylinder (1W ) due to a well-known instability that develops in the wake of a
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cylinder for viscoelastic flows at low Re (McKinley et al., 1993; James and Acosta,
1970). In our experiments this instability sets in at Wi⇡3.5. However, the velocity
fluctuations decay to values close to the Newtonian case in just a few channel widths.
This indicates that any flow disturbance that initially develops in the channel is
short-lived and damped by viscous forces, and the flow far downstream is stable for
Wi < 5.4.
Figure 2.6: Normalized standard deviation of velocity signals along the parallel flow
region as a function of channel position and Wi. The measuring positions are 1W,
50W, 100W, 150W, and 200W downstream from the last cylinder where W=100
µm. The 1W location is used to monitor the amplitude of the initial disturbance,
while the other locations are used to monitor the fate of the initial disturbance in the
parallel flow region. The figure shows the velocity standard deviation   normalized
by its respective mean velocity <V> for Wi ranging from 0 (Newtonian) to 11.5.
Velocity fluctuations are sustained far downstream in the parallel flow region above
a certain Wi, and grows non-linearly as Wi is increased. The normalized standard
deviation for the Newtonian fluid is always below 1%, even for the highest shear-rate
(250.0 s 1), and shows the absence of velocity fluctuation.
An entirely di↵erent behavior emerges for Wi > 5.4 and n=15. The velocity fluctu-
ations, created in the wake of the array of cylinders, settle to values of  /<V> that
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are significantly larger than the Newtonian case as shown in Fig. 2.6. These veloc-
ity fluctuations decay to only 8-10% after 50W, and remain approximately constant
thereafter even at 200W. Similar behavior in  /<V> is observed down to Wi > 8.1.
This data strongly suggests that a time-dependent flow can be created and sustained
in the parallel shear flow region of the channel provided the Weissenberg number and
the strength of the initial perturbation supplied by the flow around cylinders are both
su ciently large.
2.3.3. A Nonlinear Subcritical Instability
Now I would like to study how large a perturbation should be to destabilize the flow.
In Fig. 2.7(a), I plot the magnitude of the velocity fluctuations far downstream from
the last cylinder as a function ofWi for channels with di↵erent number of cylinders n.
For n=0, no instability is found anywhere in the channel, and the values of  /<V>
remain near 1%. For n=1, a relatively small level of fluctuations are observed (⇠
2.5%) even for large Wi. The small velocity fluctuations can be a result of pure
convection in the sense that part of the velocity fluctuations observed in the wake of
the cylinders is convected downstream by the flow (McKinley et al., 1993).
A notable di↵erence in flow behavior is observed when the number of obstacles is
further increased. For n=2 and Wi < 5.4, the values of  /<V> are still relatively
small (⇠ 2%). However, for Wi > 5.4, the velocity fluctuations sharply increase and
reach an asymptotic value of about 9% for large Wi. Similar behavior to the n=2
case is observed for the n=5 and n=15 cases in polymer solutions. The data in Fig.
2.7(a) clearly shows the development of two branches after a critical value of Wi,
one in which the flow is stable (n < 2) and the other in which the flow is unstable
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Figure 2.7: Normalized standard deviation of velocity signals for the polymeric fluid
as a function of Wi for channels with di↵erent number of cylinders n. All data
presented here are measured at 200W downstream from the last cylinder. (a) The
quantity  / <V> showing a clear di↵erence between the lower and higher branches
which strongly suggests the existence of non-linear elastic instability in parallel shear
flows even at low Re for polymeric fluids. (b) The quantity  /<V> as a function ofWi
for n=15 as the shear-rate is increased (dark curve) and decreased (red curve) shows
hysteretic behavior typical of subcritical instabilities. The time interval between each
experiment is approximately one minute. Lines are added to guide the eye. (Inset)
Forward bifurcation diagram for the instability around the cylinders; no hysteresis is
observed.
(n 2). Importantly, for n  2 the level of fluctuations saturates and does not depend
on n suggesting that the flow has reached the same nonlinear state independent of
the initial perturbation.
Next, I study the dynamic behavior of the flow transitions observed in our experiments
(Fig. 2.7b). For the linear array of cylinders (Fig. 2.7b, inset), where measurements
are performed immediately after the last cylinder or at 1W, the transition from steady
to unsteady flow is characterized by a forward bifurcation and no hysteretic behavior
(McKinley et al., 1993). On the other hand, the transition from steady to unsteady
flow in the parallel shear region (or 200W) exhibits a dynamical hysteresis (Fig. 2.7b):
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upon the increase or decrease of the flow rate, the level of fluctuations sharply rises
and falls at di↵erent Wi ’s. This hysteretic behavior is a hallmark of a subcritical
bifurcation. This ultimately proves that, while the cylinders or obstacles play an
important role in providing strong initial perturbations to the flow, the resulting bulk
instability in the parallel shear flow section of the channel is clearly distinct from the
instability around the cylinders.
Figure 2.8: Phase diagram. The strength of perturbations (number of cylinders)
versus the Weissenberg number (Wi). When Wi is small or the strength of the initial
perturbation is small, the flow is linearly stable. On the other hand, whenWi is large
and the strength of the initial perturbation is strong enough, the flow will become
nonlinearly unstable. Therefore, a linearly stable and a nonlinearly unstable regions
can be seen from the phase diagram.
Furthermore, I would like to comment on the relation between the observed tran-
sition and the non-normal growth theory originally developed for Newtonian shear
flows Trefethen et al. (1993); Schmid and Henningson (2001). This theory consid-
ers linear dynamics of perturbations in shear flows and is based on the observation
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that the eigenmodes of a non-normal linear operator are not orthogonal. As a re-
sult, in a linearly stable system, a perturbation which is not a pure eigenmode of
that operator will grow algebraically in time before decaying exponentially. An anal-
ogous theory was proposed for viscoelastic shear flows Doering et al. (2006); Hoda
et al. (2008); Jovanovic´ and Kumar (2010) since they also have non-normal linear
operators. However, observations here are incompatible with the predictions of the
linear amplification theory. Indeed, an algebraic growth followed by an exponential
decay in a frame co-moving with the mean flow translates into an initial spatial re-
gion of increasing fluctuations followed by a region where fluctuations decay, when
viewed in the lab frame. Instead, above the transition we observe fluctuation levels
that are essentially independent of the spatial position downstream of the channel,
as shown in Fig. 2.6. Moreover, the non-normal growth theory predicts that any
non-modal perturbation would be amplified. However, no significant fluctuations far
downstream of the channel where found in the presence of one cylinder even after the
linear instability around the cylinder sets in, Fig. 2.7(a). This suggests that there is
a finite-amplitude threshold for the transition and that the transition is non-linear.
Finally, the subcritical nature of the transition, demonstrated in Fig. 2.7(b), rules out
any explanation based on a linear theory. While it is very likely that the non-normal
growth is a part of the transition we observed, the transition itself is a non-linear
phenomenon. This is analogous to the transition in Newtonian parallel shear flows
where the non-normal growth is possibly a part of a nonlinear self-sustaining process
that gives rise to turbulent coherent structures in the vicinity of the transition Wale↵e
(1997); Schoppa and Hussain (2002).
Finally, a phase diagram (Fig. 2.8) is used to further illustrate the observed nonlinear
subcritical elastic instability for viscoelastic fluid in parallel shear flows at low Re.
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From the phase diagram, it can be seen that when Wi is small or the strength of the
initial perturbation is small, the flow will always be stable in the sense that the initial
disturbances die away downstream, as shown in the lower left corner of the phase
diagram (Fig. 2.8). On the other hand, when Wi is large and the strength of the
initial perturbation is strong enough, the flow will become nonlinearly unstable. Two
regions can be seen from this phase diagram, one is linearly stable while the other
one is nonlinearly unstable.
2.4. Summary and Conclusions
In summary, the existence of a nonlinear subcritical instability for polymeric fluids in
a parallel shear flow in the absence of inertia (low Re) has been shown experimentally.
The critical value of Wi for the onset of the subcritical instability in the parallel flow
is larger than 5.4 for the type of disturbances introduced here. This critical value may,
however, be very sensitive to the type and strength of the initial perturbation, and
will be further investigated. A possible mechanism leading to this subcritical insta-
bility has been proposed (Morozov and van Saarloos, 2005) in which the initial finite
amplitude disturbance produces a new e↵ective base flow with curved streamlines in
the parallel flow region and becomes linearly unstable (Groisman et al., 2003; Pakdel
and McKinley, 1996). The transition then would depend on whether the disturbance
is su ciently strong and long-lived to become unstable. This scenario is akin to the
transition from laminar to turbulent flow of Newtonian fluids in pipe and channel
flows, except that the instability is caused by the nonlinear elastic stresses and not
inertia (Hof and et al., 2004; Avila and et al., 2011).
The macroscopic bulk flow instabilities are related to the microscopic changes in vis-
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coelastic fluids. In order to gain better understanding of the dynamics of viscoelastic
fluids, it is important to correlate the statistics and conformation dynamics of single
molecules to viscoelastic flow instability in parallel shear geometries. In particular,
the flow is seeded with fluorescently-labeled  -DNA molecules (Smith et al., 1999;
Juarez and Arratia, 2011) in order to gain insight into the molecular origins of ob-
served elastic instabilities. Furthermore, due to the high velocity gradients, the fluid
experiences large levels of total strain. Such high levels of strain may lead to polymer
scission, an important phenomena of scientific and practical significance. Therefore,
the study of how molecules break under the action of applied forces stresses, and the
critical force or stress necessary to break a polymer molecule is also crucial.
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CHAPTER 3 : Purely Elastic Instabilities in Open
Microchannel Flows
3.1. Introduction
In the previous chapter, I experimentally investigated the flow behavior of viscoelastic
fluid in a straight microchannels at low Reynolds number. Measurements were per-
formed far downstream from an imposed perturbation. Experimental evidence shows
that such flow can become nonlinearly unstable and exhibits a subcritical bifurcation
far downstream (⇠ 2cm) from the initial perturbation. Furthermore, the transition
from steady to unsteady for the initial perturbation shows a forward bifurcation with
no hysteretic behavior (McKinley et al., 1993). However, in open flows (e.g. channel
flows, jets), there can also be a flow region before the initial perturbation. This is the
upstream flow. Now the questions are: i) For open channel flows of viscoelastic fluid,
is there an instability in the upstream region of the flow in straight microchannels? ii)
What is the type of the instability if it exists? These are fundamental questions with
relevance to many poorly understood phenomena such as polymer extrusion, mixing
and flow through porous media. Therefore, in this chapter, I will start with the flow
behavior of viscoelastic fluid in the upstream region in microchannels followed by the
discussion and summary of instabilities in the whole open channel flow.
The nature of flow instabilities in open channel flows has long been studied (Deissler,
1987; Huerre and Monkewitz, 1990; Schatz et al., 1991; Schatz and Swinney, 1992;
Schatz et al., 1995). For example, Deissler showed that the instability in plane
Poiseuille flow is convected only downstream for Re > Rec, where Rec is the crit-
ical value for the onset of instability using numerical method (Deissler, 1987). Later,
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Schatz, Barkley and Swinney demonstrated that disturbance introduced in a spa-
tially periodic channel flow, decays quickly in the upstream flow while continues to
evolve in the downstream region for Newtonian fluid (Schatz et al., 1991; Schatz and
Swinney, 1992; Schatz et al., 1995). In other words, the upstream flow is stable when
the downstream flow exhibits a supercritical instability for Newtonian fluids in plane
channel flows with spatially periodic perturbations. Such supercritical instability is
caused by the nonlinear inertial force; Re 1. According to previous studies, the
existence of instabilities in the upstream region seems not possible in open channel
flows in the sense that flow disturbance advects faster than it spreads.
Figure 3.1: Newtonian fluid in planar contraction geometry at di↵erent Reynolds
number (Re): (a) Re = 3.7, (b) Re = 18 and (c) Re = 59. The downstream side
shows growing “lip vortices” as Re is increased while the upstream side remains stable
for all Re investigated (Rodd et al., 2005).
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In the case of flows in micro-channels, where the Reynolds number is usually well
below unity and fluid inertia is negligible due to the system small length scale, it has
been shown that flow instabilities are indeed possible for viscoelastic fluids. In this
case, the nonlinear behavior (or forcing) comes from the extra elastic stresses due to
the presence of polymer molecules in the fluid and interactions of polymer molecules
with the flow (Larson, 1999; Bird, 1987; Denn, 2004; Larson et al., 1990; Shaqfeh,
1996; Larson, 1992; Arratia et al., 2006; Groisman et al., 2003; Poole et al., 2007;
McKinley et al., 1993; Pakdel and McKinley, 1996) rather than inertia. These elastic
stresses grow nonlinearly with shear-rate and can dramatically a↵ect the flow behavior
even at low Re. If the velocity gradients are large enough, polymer molecules that are
“coiled” at equilibrium state in the fluid tend to stretch or unravel due to the high
velocity gradient. This so-called “coil-stretch” transition was originally generated for
extensional flows (Gennes, 1974; Perkins et al., 1997; Smith and Chu, 1998; Smith
et al., 1999; Schroeder et al., 2003). The molecular stretching is often characterized
by the Weissenberg number (Wi) defined as Wi =  ˙ , where  ˙ is the flow shear rate
and   is the fluid relaxation time (Larson, 1999; Bird, 1987; Denn, 2004).
Figure 3.2: Viscoelastic fluid in a planar 16: 1 contraction geometry at Wi = 12, Re
= 0.65 (Rodd et al., 2007). (a) Streak image of the flow. Instantaneous images of
PIV-generated streamlines of the flow at (b) t = 0 s and (c) t = 0.4 s.
It is known that in contraction geometries, Newtonian fluid exhibits formation of
growing “lip vortices” on the downstream side of the channel as Reynolds number
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is increased (Fig. 3.1) (Rodd et al., 2005). On the other hand, the upstream side
remains stable even for high Re above the onset of bifurcation (Fig. 3.1). In other
words, the inertial force driven instability in planar contraction geometries can only be
observed in the downstream side of the channel. However, for flow of viscoelastic fluid
in contraction channel, fluid elasticity dominates over inertia and changes the story.
In fact, upstream vortices and instabilities have long been observed for viscoelastic
fluids in contraction geometries (Boger et al., 1986; McKinley et al., 1991; Boger
and Binnington, 1990; Rothstein and McKinley, 2001; Rodd et al., 2005; Squires and
Quake, 2005; Rodd et al., 2007, 2010). For example, Boger et al. observed upstream
vortex growth in a 4:1 circular contraction for a Boger fluid as Weissenberg number
is increased even in the absence of inertia (Re ⌧ 1) (Boger et al., 1986). Rodd
et al. showed that upstream flow of viscoelastic fluids in a 16:1 planar contraction
geometry becomes unstable and time-dependent with enhanced elasticity (high Wi)
and negligible inertia (Re < 1) (Fig. 3.2) (Rodd et al., 2007). Therefore, the question
here is that if there exists an instability in the upstream flow in parallel channel
geometry for viscoelastic fluid.
3.2. Experimental Setup
In order to determine if there is an upstream instability in the parallel shear flow,
I performed experiments in a long, straight microchannel that is 100 µm deep, 100
µm wide and 3.3 cm long. The short perturbation region (⇠ 0.3 cm) is located in
the middle of channel length and contains evenly spaced cylinders that are 50 µm
in diameter and 100 µm tall; the distance between two adjacent cylinders is 200 µm
(center to center), as shown in Fig. 3.1. In order to introduce initial disturbances
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with di↵erent amplitudes, the number of cylinders n in this region will be varied from
1 to 15. Therefore, I have parallel flow regions that are approximately 1.5 cm long
both upstream and downstream from the perturbation region (Fig. 3.3).
Figure 3.3: Sketch of experimental setup showing a long microchannel (100 µm deep,
100 µm wide and 3.3 cm long) comprised of an initial perturbation region (⇠ 0.3 cm
long) with cylinders (d = 50 µm) and two long parallel shear regions (⇠ 1.5 cm). The
dash line window represents a typical sampling position.
Both Newtonian and polymeric fluids are investigated. The Newtonian fluid is a
90% by weight glycerol aqueous solution with shear viscosity of approximately 0.2
Pa·s. The polymer used here is high molecular weight polyacrylamide (PAA, 18 x
106 MW), which has a flexible backbone. The polymeric solution is made by adding
300 ppm of PAA to a viscous Newtonian solvent (90% by weight glycerol aqueous
solution). The polymer concentration (c) in solution is 300 ppm and the PAA overlap
concentration (c*) is approximately 350 ppm (c/c*=0.86) (Pelletier et al., 2003).
Under such conditions, the viscosity of the solution is weakly dependent on the shear
rate. A strain-controlled cone-plate rheometer (RFS, TA Instruments) is used to
characterize both fluids at 23  C. The data shows that the polymeric fluid possesses
a shear-viscosity that is nearly constant at 0.3 Pa·s for shear rates ( ˙) ranging from
10 s 1 to 100 s 1. This range of shear rates is common in the channel experiments.
Fitting the data to a simple power law model I obtain an exponent of 0.81 which
implies weakly shear-thinning behavior (Fig. 2a). The first normal stress di↵erence
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N1 is also measured in the cone-plate geometry (Fig. 2b) and is a measure of the
elastic stresses present in the polymeric solution.
For all experiments, the Reynolds number (Re) is small (<0.01) due to the channel
small length scale and high fluid viscosity. Here Re=⇢UL/⌘ , where U is the fluid
velocity, L is a characteristic length scale, ⇢ is the fluid density, and ⌘ is the fluid
viscosity. The magnitude of the elastic stresses compared to viscous stresses is charac-
terized by the Weissenberg number (Magda and et al., 1993; Larson, 1999; Bird, 1987;
Denn, 2004) defined as Wi=N1/(2 ˙⌘), where N1 is the first normal stress di↵erence
and  ˙ is the shear-rate.
The same particle tracking velocimetry (PTV) method is used here as discussed in
Chapter 2, Section 2.2.3 to quantify the instability in the upstream parallel shear
regime. Measurements are performed at the location that is 100W (1 cm) upstream
before the first cylinder in order to monitor the progression of the initial disturbance
in the upstream region.
3.3. Results and Discussion
3.3.1. Velocity Signals and Power Spectra
To quantify the time dependence of the flow, I sample a square area (about 35%
of the channel width centered at midpoint) of the velocity fields, and measure the
average speed as a function of time. The sampling rates are long enough (⇠ 1 ms)
to ensure the accuracy of the velocimetry measurement but are much shorter than
the typical time scale of the fluid motion. All measurements shown in Fig. 3.4
are taken at 100W or 1 cm upstream from the first cylinder, as shown in Fig. 3.3.
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Figure 3.4: Velocity signals and corresponding power spectra. (a,b) Spatially averaged
velocity magnitude as a function of time measured in the parallel flow region 100W (or
1 cm) upstream from the first cylinder, where W = 100 µm, for (a) n=15 as a function
ofWi and for (b)Wi=9.63 as a function of n. The polymeric fluid flow becomes time-
dependent under a su ciently large initial perturbation. No fluctuations are found
for the Newtonian case at any flow rate. (c, d): Corresponding power spectra of the
velocity measurements for (a) and (b) respectively, showing a 3-5 orders of magnitude
increase in the spectral power at low frequencies for viscoelastic fluid.
Figure 3.4(a) shows samples of the velocity magnitude records measured far upstream
(100W) for a channel with n=15 as function of Wi or equivalently flow rate. It is
found that, for the polymeric case, the velocity fluctuations become larger as Wi is
increased. The Newtonian case, on the other hand, produces no such fluctuations at
even higher shear-rates (148.6 s 1). In Fig. 3.4(b), it is shown that velocity records
of the polymeric solution at a fixed Wi=9.63 for channels with di↵erent number
of cylinders n. Time-dependent velocity fluctuations are apparent as cylinders are
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introduced in the channel. It is also noted that the level of velocity fluctuations are
very similar for channels with di↵erent number of cylinders (n = 1, 2, and 15).
The corresponding power spectra of the velocity signals in Fig. 3.4(a) and (b) are
shown in Fig. 3.4(c) and (d), respectively. Since the entire velocity field must be
measured at each instant, the records are only a few hundred points long, but this
is su cient to establish the qualitative features of the spectra. In Fig. 3.4(c), it is
noted that the spectral power at low frequencies grows by 3-5 orders of magnitude for
high Wi a fixed n = 15. A similar behavior is observed as n is increased at a fixed
Wi. The velocity fluctuations are non-periodic, with a possible power-law spectral
decay, indicating that the flow is excited at many time-scales. Such decay has been
observed in many flow geometries with curved streamlines and has been interpreted
as evidence of elastic turbulence (Groisman and Steinberg, 2000, 2004). For small
Wi, on the other hand, the spectral power at low frequencies grows only about 1 order
of magnitude. Note that the Newtonian case shows a relatively flat power spectra
consistent with noise.
3.3.2. Time-dependent Velocity Profiles
To further illustrate the time-dependent behavior of the flow, I look at the time-
dependent velocity profiles. All measurements shown in Fig. 3.5 are taken at 100W
or 1 cm upstream from the first cylinder, as shown in Fig. 3.3. In Fig. 3.5(a), I plot
the color-coded instantaneous streamwise velocity profiles after subtracting the mean
velocity profile as a function of time. Red color shows the instantaneous velocity is
greater than the mean velocity, while blue color shows smaller instantaneous velocity
compared to the mean velocity. It is also noted that the switching of color is non-
47
Figure 3.5: Velocity profiles. (a) Streamwise velocity profiles after subtracting the
mean velocity profile as a function of time. (b, c, d) Instantaneous and mean stream-
wise velocity profiles as a function of the cross-channel coordinate for n=15 for Wi
= 11.25 at di↵erent times. The velocity profiles are computed at time intervals of 2 s
and are compared to their time-averaged mean profile. (e, f, g) Instantaneous shear
rates profiles as a function of the cross-channel coordinate for n=15 for Wi = 11.25
at di↵erent times.
periodic with is consistent with the spectral power, showing the excitation at di↵erent
time-scales. In addition, the asymmetric color distribution indicates the asymmetry
of velocity profiles. This is further illustrated by plotting the instantaneous and
mean velocity profiles of the polymeric fluid. For Wi= 11.25 (Fig. 3.5b, c, d), the
instantaneous velocity profiles show significant di↵erences between each other and
with the mean profile. The mean velocity profile could be totally greater than the
mean velocity profile (Fig. 3.5b), totally smaller than the mean velocity profile (Fig.
3.5c), or partially greater and partially smaller than the mean velocity profile (Fig.
3.5d). Importantly, the velocity fluctuations are streamwise while the base flow is
unidirectional.
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3.3.3. A Linear Instability
It is now important to study how large a perturbation should be to destabilize the flow
upstream as well as the type of the observed upstream instability. In Fig. 3.6, I plot
the magnitude of the velocity fluctuations far upstream from the first cylinder as a
function ofWi for channels with di↵erent number of cylinders n. For Newtonian fluid,
no instability is found anywhere in the channel, and the values of  /<V> remain
below 1%, as shown by the grey dash line in Fig. 3.6. Results for the polymeric
solution, on the other hand, show a di↵erent behavior.
Figure 3.6: Normalized standard deviation of velocity signals for the polymeric fluid
as a function of Wi for channels with di↵erent number of cylinders n. All data pre-
sented here are measured at 100W upstream from the first cylinder. The quantity
 / <V> showing three clear di↵erent regions: stable, linear instability, and satu-
rated instability, which strongly suggests the existence of a linear elastic instability
in upstream parallel shear flows even at low Re for polymeric fluids.
ForWi < 5, the values of  /<V> are still relatively small (⇠ 2%) for the channel with
di↵erent number of cylinders. In other words, the upstream flow is relatively stable in
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this regime. However, for Wi > 5 and n=1, the velocity fluctuations increase linearly
as a function of Wi and reach an asymptotic value of about 7.5% for larger Wi.
Similar behavior to the n=1 case is observed for the n=2 and n=15 cases in polymer
solutions. The data in Fig. 3.6 clearly shows the existence of a linear instability
in the far upstream region (100W before the first cylinder) after a critical value of
Wi. Furthermore, for Wi > 8 the level of fluctuations saturates and does not depend
on either n or Wi, suggesting that the flow has reached the same nonlinear state
independent of the initial perturbation. Importantly, the transition from steady to
unsteady flow in the upstream channel region (or 100W) is characterized by a linear
instability with no hysteretic behavior.
Figure 3.7: Space diagram. For an open parallel channel flow, three di↵erent types
of purely elastic instabilities are observed in three locations along the channel: linear
instability in the far upstream region, forward supercritical instability immediately
after the last cylinder, and subcritical instability in the far downstream region.
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3.4. Summary and Conclusions
In summary, I have shown experimentally the existence of a linear instability for
polymeric fluids far upstream (⇠1cm before the disturbance) in a parallel shear flow
in the absence of inertia (low Re). The critical value of Wi for the onset of the linear
instability in the parallel flow is approximately equal to 5 for the type of disturbances
introduced here. This critical value may, however, be very sensitive to the type
and strength of the initial perturbation, and will be further investigated. A possible
mechanism leading to an upstream instability has been proposed (Hulsen, 1993; Rodd
et al., 2007, 2010) in which the viscoelastic stresses can be transferred upstream via
viscoelastic shear waves when the local fluid velocity is smaller than the speed of the
viscoelastic shear waves. In other words, the upstream instability occurs when the
disturbance spreads faster than it advects.
Finally, the three di↵erent types of purely elastic instabilities observed in the open
parallel channel flow are summarized in Fig. 3.7. In the far upstream region (⇠1cm
before the initial perturbation), the flow transition from steady to unsteady is char-
acterized by a linear instability with no hysteretic behavior. The initial perturbation
is characterized at the location immediately after the last cylinder (1W) and exhibits
a forward bifurcation without hysteresis. In the far downstream region (⇠2cm after
the initial perturbation), the two strikingly di↵erent branches (one is stable while the
other is unstable) and the dynamical hysteresis upon the increase or decrease of the
flow rate demonstrate the existence of a subcritical instability.
The observation of an upstream elastic instability dose not only contribute to the
understanding of flow instabilities, but is also of significant importance to many in-
dustrial applications including flow through porous media, and polymer melt fracture.
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In the polymer extrusion process, it is possible that an upstream instability has al-
ready developed before the polymer melt enters the exit. Therefore, more detailed
investigation of such upstream instability is proposed. In this work, particle tracking
velocimetry (PTV) method is used to explore the velocity field. In the future, this
problem can be further studied using stress measurements. For example, in-situ pres-
sure drop measurements can be used to test the extra elastic stress in both upstream
and downstream flows.
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CHAPTER 4 : Steady Rheological Measurements Using
Microfluidic Devices: Newtonian and Complex
Fluids
4.1. Introduction
In the previous chapters, it is demonstrated that the flow of complex fluids and in
particular viscoelastic fluids, can be strongly a↵ected by the high shear rates encoun-
tered in microfluidic devices. In fact, characterizing the flow behavior of liquids at
high shear-rates is of importance to many industrial applications where the system
length scale L is relatively small. Examples include flow through porous media as well
as lubricating, coating, and extruding processes. Recently, there have been many pro-
posed methods to measure the rheological properties of liquids in microsystems that
rely on particle velocimetry (Nordstrom et al., 2010; Schultz and Furst, 2011; Gisler
and Weitz, 1998; Gittes et al., 1997; Mason and Weitz, 1995), measuring pressure
drops in flows through capillaries and slit geometry (Pipe et al., 2008; Kang et al.,
2005; Laun, 1983), and di↵using wave spectroscopy (Kim and Pak, 2010; Palmer
et al., 1999). Despite such advances, there are still many challenges in making such
devices user friendly. On the other hand, obtaining reliable rheological data for liquids
at high shear-rates (> 103 s 1) in conventional, commercially-available macroscopic
rheological instruments is not an easy task due to the development of hydrodynamic
instabilities at high Reynolds number (Larson et al., 1990; Larson, 1999; Pipe et al.,
2008). The Reynolds number (Re) describes the relative importance of inertial to vis-
cous forces and is usually defined as Re = ⇢UL/µ where ⇢ is the fluid density, U is the
mean fluid velocity, L is a characteristic length scale, and µ is the fluid viscosity. Due
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to its inherent small length scale L, microfluidics is an attractive system to investigate
the rheological properties of liquids at low Re and high shear-rates (U/L) (Schultz
and Furst, 2011; Gisler and Weitz, 1998; Gittes et al., 1997; Mason and Weitz, 1995;
Pipe et al., 2008; Kang et al., 2005; Laun, 1983; Kim and Pak, 2010; Palmer et al.,
1999). Furthermore, viscous heating, a problem usually encountered in macroscopic
devices for high-viscosity fluids at high shear-rates is minimized in the microfluidic
device. Here, I present such system that relies on in-situ pressure sensors to measure
the fluid wall shear-stresses flowing through a long and straight microchannel.
In recent years, PDMS based microfluidic devices have been widely used for MEMS
due to its low cost, ease of fabrication, and well characterized mechanical properties
(Quake and Scherer, 2000; Wu et al., 2011; Li et al., 2010; Orth et al., 2011). More-
over, the conductivity of the well-known PDMS elastomer can be tuned by adding
conductive fillers to it, such as metallic powder, carbon black, and carbon nanotubes
(Niu et al., 2007; Abyaneh and Kulkarni, 2008; Lipomi et al., 2011). This PDMS
composite shows piezoresistive property that is mainly determined by the electron
tunnelling between isolated filler particles in the polymer matrix (Strumpler and
Glatz-Reichenbach, 1999; Toker et al., 2003). This PDMS composite has become an
attractive material for fabricating pressure sensing devices (Liu, 2007; Chuang and
Wereley, 2009; Wang et al., 2009; Lipomi et al., 2011) due to its capability to measure
a wide range of pressure with high sensitivity achieved by simply changing the type
and concentration of filler materials, as well as the polymer film thickness.
In the first part of this chapter, I present a PDMS-based microfluidic rheometer
that uses in-situ pressure signals to measure the shear viscosity of liquids. This
PDMS-based microfluidic device can be fabricated in laboratory without sophisti-
cated cleanroom facilities. The working principles of the device are tested using both
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Newtonian and non-Newtonian (i.e., shear-thinning) fluids. The fluid flow in the de-
vice is characterized using particle tracking velocimetry and numerical simulations.
Fluids rheological properties such as viscosity and shear-stress are measured as a func-
tion of shear-rate up to 104 s 1. Due to the device small length scale, L = 100 µm,
the flow remains in the low Re regime for all fluids. This is an important feature
of this microfluidic-based rheometer since hydrodynamics instabilities usually com-
plicate data analysis. Finally, viscosity data is compared to data obtained using a
commercially-available macroscopic rheometers.
In the second part of this chapter, the rheology of human blood plasma is measured in
a microfluidic device. Blood is a complex fluid that consists of a suspension of blood
cells in a liquid plasma that contains mostly water as well as proteins, mineral ions,
hormones, and glucose. In humans, red blood cells (RBC) are the most abundant
type of cells in whole blood with a concentration of approximately 45 % by volume.
Because of this high RBC concentration, it is often believed that rheological behavior
of whole blood is mostly determined by the presence of the RBCs. Blood exhibits
shear thinning viscosity behavior and at low shear rates the red blood cells can form
reversible aggregates (rouleaux) that are broken up at high shear rates (Baskurt and
Meiselman, 2003). The rouleaux formation is caused by the plasma proteins (most
likely due to a depletion e↵ect) but the plasma solution, which is approximately 92
% water, is currently believed to be Newtonian (Baskurt and Meiselman, 2003; Sousa
et al., 2011; Wells and Merrill, 1961). For example, experiments by Copley and King
(Copley and King, 1972) and Jaishankar, Sharma and McKinley (Jaishankar et al.,
2011) show that the non-Newtonian and viscoelastic e↵ects found in plasma and BSA
(Bovine Serum Albumin) solutions in shear flows can be attributed to the surface layer
of plasma proteins present at the liquid-air interface; that is, these non-Newtonian
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e↵ects are surface rather than bulk e↵ects. These surface e↵ects can be suppressed
by the addition of a small amount of surfactants to the protein solutions (Jaishankar
et al., 2011).
Much work has been devoted to the understanding of blood flow as well as the appear-
ance of flow instabilities that may appear under pathological conditions, e.g. near an
aneurysm or blockage (Sforza et al., 2009; Baek et al., 2010). In general, one has to
distinguish between inertia and viscoelastic driven instabilities. An elegant way to
separate these two kind of instabilities is the observation of vortices in a contraction
flow device. Inertial e↵ects lead to downstream vortices whereas upstream vortices can
be observed for viscoelastic fluids (Rodd et al., 2005, 2007). This approach has been
used in a recent work by Sousa et al. (Sousa et al., 2011) which gives an overview of
the flow of two common blood analog solutions in contraction-expansion microfluidic
devices. The two investigated plasma replacement solutions with the same shear but
di↵erent elongational viscosity revealed a remarkably di↵erent flow behavior which
shows that it is not su cient to consider only the shear viscosity in order to build a
plasma analog solution.
Here, the rheology of pooled human blood plasma (Innovative Research) is investi-
gated in a microfluidic contraction-expansion device by measuring the pressure drop
across the expansion-contraction part of the geometry (Rodd et al., 2005, 2007). It is
shown that the strong extensional flow generated by the contraction geometry is key
to the development of (extensional) strain-rate thinning behavior in blood plasma
at moderate Reynolds numbers (56 Re  317). Experimental results show that,
even though blood plasma may be considered Newtonian under shear deformation, it
behaves as a non-Newtonian fluid under extensional deformation.
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4.2. Experimental Method
4.2.1. Experimental Design
The integrated microfluidic device consists of two PDMS layers that are the sensing
membrane and channel layer, as well as a glass substrate layer, as shown schematically
in Fig. 4.1(a). The microfluidic channel layer is comparatively thick (⇠ 2 mm), while
the sensing membrane is very thin (120 µm). Di↵erent channel geometries can be
utilized due to the simple bonding method between the channel and sensing layer;
here it is focused on a simple straight channel that is 100 µm deep and 100 µm wide.
Fig. 4.1(b) shows a schematic drawing of the micro-channel along with multiple
pressure sensors. Each sensing element consists of a sensing bar (length: 1000 µm,
width: 30 µm, height: 100 µm) and two square electrode pads for wire bonding as
shown in Fig. 4.1(b). These sensors are placed along the length of the microchannel in
order to measure the deformation of the channel wall that results from the fluid shear-
stress at di↵erent locations along the channel. The distance between two adjacent
sensors is 5000 µm so that under small deformation the coupling between adjacent
sensors is negligible. Channel wall deformations captured by the piezoresistive sensors
are transformed into voltage signals which are read by an oscilloscope. These signals
are then used to estimate the viscosity of various liquids. A dimensionless quantity
 Pw/Ed can be used to estimate the deformation of the channel membrane, where
 P is the pressure drop, w is the channel width, E is the Young’s Modulus of PDMS,
and d is the thickness of the channel wall. For the setup I use here, the maximum
deformation is 0.09 so that  Pw/Ed ⌧ 1, indicating that the e↵ect of channel wall
deformation on the flow is negligible (Gervais et al., 2006).
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Figure 4.1: (a) Schematic illustration of the PDMS-based microfluidic device (not
to scale). Top layer is the PDMS sensing membrane, middle layer is a thick PDMS
layer with channel geometry, and the bottom is the glass substrate layer. The sensing
elements are connected to measurement circuits via the electrical wires. (b) The
design of the sensing piezoresistive layer with a channel. (c) Image of a fabricated
microfluidic-based rheometer.
4.2.2. Pressure Sensor Material
Pressure sensors are made by mixing conductive particles with an elastomer (PDMS)
matrix. The conductive (filler) particles are a mixture of silver particles (1-3 µm
in diameter, Strem Chemicals Inc.) and carbon black particles (42 nm in diameter,
Strem Chemicals Inc.). These particles are thoroughly mixed and introduced into
an elastomer (PDMS, Sylgard) matrix. The mass fraction of silver and carbon-black
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particles is chosen such that the final composite is conductive and possesses appropri-
ate material properties. For example, it is found that the final composite breaks very
easily if the concentration of silver particles is too high (> 90% by weight). On the
other hand, the final composite does not conduct well if the the concentration of silver
particles is too low (< 80% by weight). Hence, carbon black particles are added to
silver particles in order to achieve good conductivity while keeping the material from
becoming brittle. It is found that, for the purposes here, the optimal total mixture
composition (by weight) is 82 wt% silver particles, 10 wt% carbon black, and 8 wt%
PDMS.
The PDMS-metal composites are obtained by first cleaning the conductive particles
(silver and carbon-black) using acetone, ethanol and deionized water, in that order.
Next, the filler particles are thoroughly mixed in methanol to completely wet the
particles and then mixed with the silicone (PDMS) elastomer. The mixture is then
heated to 85  C and kept at that temperature for 30 min so that methanol and other
remaining solvents can completely evaporate. The PDMS cross-linking reagent is
then added to the sample after it has been cooled to room temperature. I then stir
the PDMS-filler mixture thoroughly and degas it for 20 min. Finally, the PDMS-filler
composite is plastered into a mold.
4.2.3. Device Fabrication Process
In this section, I will describe an accessible fabrication process for a microfluidic-based
rheometer (Fig. 4.2). First, a 100 µm thick negative photoresist (SU-8) is spin-coated
on a bare silicon wafer, and patterned with the sensing structure using the standard
photolithography method (step a). Then, a 120 µm thick PDMS is spin-coated on
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the sample and baked at 85  C for 30 min (step b). After cooling the sample down to
room temperature, I immerse it in isopropanol (IPA) for 15 min in order to ease the
peeling-o↵ of the thin PDMS layer. At the same time, a channel layer is fabricated
using the standard soft-lithography method with desired channel geometry (Xia and
Whitesides, 1998; McDonald and Whitesides, 2002; Sia and Whitesides, 2003). Here,
a long (3 cm) straight channel with a square (100 µm wide and 100 µm deep) cross-
section is used.
Figure 4.2: Fabrication process of the integrated microfluidic device: (a) photolithog-
raphy of 100 µm thick SU-8 on silicon wafer, (b) spin coating of 120 µm thick PDMS,
(c) bonding of the thin PDMS membrane with the channel layer, (d) plastering the
conductive composites into the mold, (e) cleaning up the extra conductive composites,
(f) bonding of the two bonded PDMS layers with a glass cover slip.
Alignment of the sensing structure with the channel geometry is required before the
bonding of these two layers and important to the device performance. Therefore,
after taking the samples out of the plasma machine, the treated surfaces are dipped
into methanol thoroughly for protection and align them under microscope. Next the
remaining methanol between the two layers is evaporated by heating the sample on
a hotplate at 120  C. Note that after the methanol is evaporated, the two treated
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surfaces become hydrophilic again and can thus be bonded together (step c). The
prepared conductive composites are then plastered into the sensing structure mold
(step d). Next I clean up the extra conductive material using a razor blade (step
e) and bake the sample on a hotplate at 120  C for 2 hours so that the conductive
composites solidify and bond with the mold. Note that it is important to plaster the
composites after the bonding of all the PDMS layers to reduce the surface damage.
Both the inlet and outlet are made by punching a hole in PDMS. These holes are very
small (0.75 mm in diameter) and it is where the inlet and outlet tubes are placed.
Finally, a glass cover slip is bonded below the channel layer to seal the microfluidic
device and to increase the sti↵ness of the whole device as well (step f). For each
bonding procedure, the surfaces are cleaned with a diluted HCl solution (HCl : DI
water = 1 : 5 by volume) in order to increase the bonding strength for enabling high
shear-stress experiments (Jo et al., 2000; Eddings et al., 2008). The electrode pads
are bonded with 30 AWG electric wires using silver paste. Finally, the fabricated
microfluidic device is connected to an electric circuit board (Fig. 4.1c) which is used
only to connect the device to the oscilloscope and power supply.
When fabricating the sensing membrane, it is important to take into account the
PDMS thickness since the sensitivity caused by membrane deformation is inversely
proportional to the cubic power of its thickness. That is, if the membrane is too thick,
then the response time is relatively short due to the high sti↵ness of the membrane,
but the sensitivity to shear-stresses is comparatively low. By contrast, a thin mem-
brane shows good sensitivity but much longer response time. It is found that a PDMS
membrane of 120 µm was optimal for our purposes. This membrane is fabricated by
first spin-coating PDMS on a silicon wafer at the initial speed (500 rpm) for 5 s so
that it spreads uniformly. Then this evenly coated PDMS layer is spin-coated at 1400
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rpm for 10 s to obtain the desired thickness.
4.2.4. Working Fluids
Several liquids are used to demonstrate the working principles of this microfluidic-
base rheometer. The apparatus is calibrated using a fluid of known viscosity µ= 1018
mPa·s, namely silicon oil (Cannon Instrument, Silicone oil RT1000). The performance
of the apparatus is tested using both Newtonian and non-Newtonian fluids. The
Newtonian fluids are pure glycerol, a 90%-aqueous glycerol solution, and a 65%-
aqueous glycerol solution. The non-Newtonian fluid is made by adding 5000 ppm (by
weight) of high molecular weight, sti↵ polymer Xanthan Gum (XG,MW = 2⇥106) to
water. This XG solution is known to possess shear-rate dependent viscosity behavior
(Arratia et al., 2005b).
In Fig. 4.3, viscosity data is shown as a function of shear-rate for all fluids. Viscosity
measurements are obtained using a stress-controlled cone-plate rheometer (Bohlin
Gemini). The measured viscosity values of the calibration oil, pure glycerol, 90%
glycerol and 65% glycerol solutions are 1037 mPa·s, 994 mPa·s, 179 mPa·s, and
17.1 mPa·s, respectively. As expected, the viscosity of such fluids is independent of
shear-rate. On the other hand, the viscosity of the XG solution shows distinct shear-
thinning behavior with a power law exponent n of approximately 0.16, according to
Eq. (4.1). The shear viscosity of the XG solution can be fitted quite well by the
Bird-Carreau-Yassuda model (Larson, 1999; Macosko, 1994)
µ  µ1
µ0   µ1 =
⇥
1 + (  ˙)2
⇤n 1
2 , (4.1)
where µ1 = 0.001 Pa·s is the infinite shear viscosity, µ0 = 21 Pa·s is the zero shear
62
Figure 4.3: Fluid rheological characterization using a commercially available macro-
scopic rheometer (Bohlin). Viscosity data for both Newtonian and non-Newtonian
fluids measured using a cone-plate, stress-controlled rheometer. The non-Newtonian
fluid is a Xanthan Gum (XG) aqueous solution that possess shear-thinning viscosity.
The solid line represents the best fit to the XG viscosity data using Bird-Carreau-
Yassuda model (see text).
viscosity,   = 10 s is a time scale which characterizes the transition from Newtonian
to shear-thinning behavior, and n = 0.16 is the power-law index. Fig. 4.3 shows
that shear viscosity computed using Bird-Carreau-Yassuda model fits well with the
XG viscosity data. It is noted that no appreciable first normal stress di↵erence was
observed for the XG solution (data not shown) which indicates that fluid elastic e↵ects
are negligible.
4.2.5. Wall Shear-rate for Newtonian Fluids
The average wall shear stress ⌧w can be derived from the force balance within the
length dx in the channel, as shown in Fig. 4.4. As mentioned in the Section 4.2.1, I
am using a channel with a square cross-section such that width w and height h are
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equal to 100 µm (w = h = 100 µm), as shown in Fig. 4.4. The forces applied on
the control volume are the hydrostatic force FH and the drag force that act on the
channel sidewall FD, which are given by
FH =

P  
✓
P  
✓
@P
@x
◆
dx
◆ 
w2, (4.2)
FD = [4w (dx)] ⌧w, (4.3)
where P is the pressure.
Figure 4.4: Schematic channel geometry. The control volume is defined within the
length dx along the channel. The hydrostatic force FH balances the drag force acting
on the channel sidewall FD on the defined control volume.
From the force balance FH = FD (Collyer and Clegg, 1988), and equation (4.2) and
(4.3), I obtain
⌧w =
w
4
✓
@P
@x
◆
. (4.4)
Here, the pressure drop needed to drive the flow a distance l in the streamwise
direction x is  P. Therefore, equation (4.4) becomes
⌧w =
w
4l
( P ) . (4.5)
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Now the pressure drop  P is related to the flow rate Q. For Newtonian fluids, the
relationship between the flow rate and pressure drop in a channel with square cross-
section is given by (White, 1991)
Q =
C0w4
12µ
✓
 P
l
◆
, (4.6)
where C0 is a coe cient given by
C0 = 1  129
⇡5
1X
i=1,3,5,...
tanh(i⇡/2)
i5
⇡ 0.4217. (4.7)
The shear viscosity can then be obtained using equation (4.6) such that
µ =
C0w4
12Q
✓
 P
l
◆
. (4.8)
For Newtonian fluid, the wall shear stress ⌧w is linearly proportional to the wall
shear-rate  ˙w such that
⌧w =  ˙w · µ. (4.9)
Hence, the wall shear rate  ˙w for Newtonian fluid flow in a channel with square
cross-section is
 ˙w =
12Q
4C0w3
. (4.10)
4.2.6. Working Principles
In this section, I will briefly discuss the main operating principle for the microfluidic-
based rheometer. The main goal is to estimate the fluid viscosity by measuring the
pressure drop along a channel at low Re using in-situ pressure sensors. The Reynolds
65
number can be re-written in terms of the fluid flow rate Q such that Re = ⇢Q/wµ,
where w is the channel width. Using a simple force balance between the pressure
force acting on the cross-section of the channel and the viscous shear-stress acting on
the wall (see Section 4.2.5), the shear-stress can be written as
⌧w =
w
4l
( P ) . (4.11)
For a squared channel, the above equation is simply  P = 4l⌧w/w. In our experi-
ments, both the width and depth of the channel are 100 µm, and l is the length from
the pressure sensor to the outlet of channel (l = 2 cm). It is important now to find
a way to relate the fluid viscosity µ to the shear-rate at the wall  ˙w and the pressure
drop  P .
Newtonian Fluids - For Newtonian fluids, the shear-stress is linearly proportional to
the shear-rate  ˙ such that ⌧¯ = µ(ru +ruT ) = µ¯˙ . Using the relationship between
flow rate and pressure drop (Eq. 4.6), the wall shear-rate  ˙w can be related to the
volumetric flow rate Q as (Eq. 4.10)
 ˙w⇡7Q
w3
. (4.12)
Therefore, the viscosity of Newtonian fluids in square channels at low Re can be
expressed as
µ =
w
4l
 P
 ˙w
. (4.13)
Hence, one can measure the viscosity of Newtonian liquids flowing in a square mi-
crochannel by measuring the pressure drop along the channel. Here, the pressure
drop is measured using in-situ piezoreistive membranes that deflect under an applied
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pressure; the resultant strain from the deflected membrane changes the resistance
value of the sensing piezoresistors. This piezoresistive e↵ect results in a linear rela-
tionship between the change of resistances  R and the pressure drop  P for small
strain. Thus, fluid viscosity can be obtained from the measured resistance signals at
di↵erent shear-rates.
Non-Newtonian Fluids - The wall shear-rate  ˙w for liquids that possess shear-rate
dependent viscosity such as the XG solution cannot be obtained by using Eq. 4.12
which is valid only for Newtonian fluids. To estimate the values of  ˙w for the shear-
thinning XG fluid, numerical simulations are performed using a three-dimensional,
finite element model in COMSOL Multiphysics. The goal is to find the values of the
wall shear-rate for the shear-thinning XG fluid flowing in a square microchannel.
The steady, incompressible flow of both Newtonian and non-Newtonian (shear-thinning)
fluids in a square microchannel is investigated by solving the steady-state Navier-
Stokes equation in the low Re regime. Under such condition, the convective deriva-
tives vanish and the governing equations are
r · u = 0, (4.14)
rP = r · ⌧¯ . (4.15)
Simulations are performed by simultaneously solving the above equations with an ap-
propriate fluid constitutive equation and no-slip boundary conditions. For Newtonian
fluids, the stress is linearly proportional to the strain-rate such that ⌧¯ = µ¯˙ . Here,
simulations are performed for the calibration oil of viscosity µ = 1018 mPa·s. For
shear-thinning fluids, the well-known Bird-Carreau-Yasuda model is used here (see
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Figure 4.5: Fluid flow characterization: experiments and numerical simulations. (a)
Spanwise velocity profiles of both Newtonian and shear-thinning fluids where solid and
dash lines indicate simulations and symbols indicate experiments. Newtonian velocity
profiles show characteristic parabolic-type profile while shear-thinning features the
expected blunt profile. Simulation seems to agree well with experiments. (b) and
(c) Cross-sectional (100⇥100 µm2) view of the shear strain-rate fields obtained using
numerical simulations for the (b) Newtonian and (c) XG fluids. The unit for scale-bar
is s 1.
Eq. 4.1) because it adequately describes the XG solution rheological data (Fig. 4.3).
The simulated geometry is a long, straight channel of L = 1 mm with a square cross-
section of 100⇥100 µm2. The governing equations are solved along with the no-slip
boundary condition (u = 0) at the channel solid walls and with additional conditions
at the channel inlet and outlets. The flow at the channel inlet is set by a constat
mass flow rate or an inflow velocity U0 while the channel outlet is set to be open to
the atmosphere p0 (p0 = 1.01⇥105 Pa).
By simultaneously solving Eq. 4.14 and 4.15, along with the appropriate constitutive
equations, the velocity and shear strain-rate fields are obtained for both Newtonian
and non-Newtonian fluids. In Fig. 4.5(a), I show the velocity profiles obtained using
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numerical simulations for the Newtonian fluid (oil) and the XG solution. Note that
the viscosity function of the XG fluid is described by the Bird-Carreau-Yassuda as
discussed above. The Newtonian fluid displays the typical parabolic-like velocity
profile, while the XG fluid shows a blunt profile expected for shear-thinning fluids
flowing in capillaries (Larson, 1999). Figures 4.5(b) and 4.5(c) show the shear strain-
rate fields obtained using numerical simulations across the channel for both Newtonian
fluid and XG solution. It becomes clear that the wall shear-rates are di↵erent for both
cases. Hence, Eq. 4.12 can not be used to estimate the wall shear-rate of the XG
fluid.
Next, the numerical simulation data is compared to experiments under the same
flow conditions. This is necessary in order to validate the simulation results. The
experimental velocity profiles for both Newtonian fluid and XG solution are obtained
using particle tracking velocimetry (PTV) methods (Arratia et al., 2005b, 2006; Shen
and Arratia, 2011; Crocker and Grier, 1996) and a fast camera due to the high velocity
gradients. The flow is seeded with small fluorescent particles (0.86 µm in diameter)
that are tracked using a CMOS camera and an epi-fluorescent microscope. The images
are taken at a frame rate of 4000 frames per second to ensure that one particle could
be tracked for a certain period of time with a displacement smaller than the distance
between two adjacent particles. The particle tracks are measured at a mid-plane
between the top and bottom walls of the channel in order to minimize the e↵ects of
out-of-plane velocity gradients; the thickness of the measuring plane is approximately
2 µm. The measured particle tracks are then used to compute the velocity profiles.
The experimental velocity profiles for both the oil fluid and the XG solution are
shown in Fig. 4.5(a). It is found that the experimental profiles are very similar to
the numerical profiles. Note that, under steady state, the (experimental) velocity
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profiles shown in Fig. 4.5(a) are the mean velocity profiles that are averaged over
50,000 images to ensure the precision and accuracy. The agreement, of course, is not
perfect. The discrepancy between numerical usim and experimental velocity profiles
uexp can be quantified using the root-mean-square (RMS) deviation:
RMS =
h
1
i
Pi
1(usim   uexp)2
i1/2
h
1
i
Pi
1(uexp)
2
i1/2 , (4.16)
where i is the number of points in the velocity field. The RMS values are 3.50% and
4.94% for Newtonian fluid (oil) and XG solution, respectively. The main source of
error is next to the walls where the presence of solid walls and high velocity gradients
produce spurious results. Nevertheless, the experimental velocity profiles are consis-
tent with the numerical predictions (Fig. 4.5a), which indicates that the simulations
are able to faithfully capture the main features of the flow of both Newtonian fluid
and XG solution in a square microchannel. Therefore, the simulation results are used
to calculate the non-Newtonian (XG) fluid wall shear-rate at each flow rate Q.
4.3. Results and Discussion
4.3.1. Electrical Characterization
The sensor resistance stability and current-voltage relationship are important features
in designing piezoresistive devices. Long-term stability tests of sensor resistance are
performed under steady water pressure conditions for di↵erent sensors as shown in
Fig. 4.6(a). It is found that the resistance of the sensors is very stable up to 400
minutes with a maximum noise level about 1%. Note that the resistance values
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are di↵erent for each sensor due to variations in sensor fabrication. However, this
di↵erence can be accounted for during the calibration procedure as discussed below.
Figure 4.6: (a) Long-term stability test of the sensor resistance showing the pressure
sensors are stable up to 400 min. (b) Current-voltage (I-V) curve of the resistance
suggests a linear, ohmic behavior of the piezoresistive sensor.
Next, the current-voltage (I-V curve) characteristics of di↵erent sensors resistance
are measured using a USB data acquisition module (Measurement Computing). It is
found that the resistors show a linear, ohmic relationship (Fig. 4.6b) which indicates
that the sensor piezoresistivity mainly relates to the strain-induced shape deforma-
tion of the sensing membrane. The inverse of the slope of the curve represents the
resistance of the sensor in Fig. 4.6(b). As discussed above, this means that each
sensor must be independently calibrated. But this is a simple procedure once the
value of the slope (resistance) is known since this is a linear, ohmic relationship.
In Fig. 4.7, the voltage signals are shown as a function of flow rate (or shear-stress)
for a single sensor (sensor 2 from Fig. 4.6). A voltage signal is produced as the sensor
deforms due to the flowing fluid wall shear-stresses and to the piezoresistive e↵ect
of the sensing material. This results in a linear relationship between the change of
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resistance and the pressure drop for low strain (Fig. 4.8). It is observed that the
sensor response to the applied pressure drop decreases as the pressure drop (flow
rate) increases (Fig. 4.7). For the lowest flow rate, the sensor time response is
approximately 20 s. This is certainly not an issue for measuring steady-state shear-
viscosity, but it is certainly the limiting factor if oscillatory measurements are to be
performed. Here, only the steady-state measurements are reported and measurements
are performed at time-scales well above the initial sensor transient.
Figure 4.7: Voltage signal as a function of time measured by oscilloscope under dif-
ferent shear-stresses in the channel.
4.3.2. Shear Stress Calibration Procedure
The microfluidic rheometer is calibrated using silicone oil with known (Newtonian)
viscosity of 1018 mPa·s. Note that the wall shear-rate  ˙w can be computed for di↵erent
values of flow rates (Q) using Eq. 4.12. Since the viscosity of the calibration is
known, the wall shear-stress can be calculated as a function of each flow rate using
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the equation below:
⌧w(Q) = µ ˙w(Q). (4.17)
Once the calibration fluid begins to flow in the channel, the shear-stresses at the
channel walls lead to a certain deformation of the sensing membrane which results in
a change in resistance of the pressure sensor. This resistance is measured using an
oscilloscope (Tektronix TDS 2004C) for di↵erent values of wall shear-stresses (or flow
rate) under steady-state conditions as shown in Fig. 4.8. In other words, the wall
shear-stress ⌧w is calculated for each flow-rate Q value using Eq. 4.17, and the sensor
change in resistance  R is measured for each value of Q or wall shear-stress. Then,
a calibration curve of wall shear-stress as a function of  R is constructed, as shown
in Fig. 4.8. Note that data is shown for a single sensor (sensor 2 from Fig. 4.6) and
for the calibration fluid; the linear trend shown in Fig. 4.8 is similar for all the other
sensors. Next, the data is fitted to a linear equation of the type:
Figure 4.8: Calibration curve for the microfluidic-based rheometer based on the known
viscosity of calibration oil (1037 mPa·s) at an ambient temperature of of approxi-
mately 23.5  C.
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 R = a1 ˙w + a2, (4.18)
where a1 and a2 are constants. For calibration oil, the viscosity is known and constant
at ambient temperature. Therefore, Eq. 4.18 can be written as
 R = a1
⌧w
µ
+ a2. (4.19)
Therefore, a general expression for wall shear-stress and change of resistance can be
written as
⌧w = c1( R) + c2, (4.20)
where c1 and c2 are constants. These constants must be determined independently
for each sensor due to variations in sensor to sensor resistance. I proceed with data
for a single sensor (sensor 2). As discussed before, for small deformations, the change
of resistance  R is linearly proportional to the wall shear-stress ⌧w, as shown in Fig.
4.8. For sensor 2, the calibration curve is
⌧w = 34.2( R)  381.0, (4.21)
where the units of shear-stress (⌧w) and change of resistance ( R) are Pa and k⌦,
respectively. From Eq. 4.11 and 4.20, a linear relationship can also be found between
the pressure drop  P and change of resistance  R
 P = b1( R) + b2, (4.22)
where b1 and b2 are constants determined in the calibration process. For the sensor
shown here, b1 and b2 are equal to 27.4 and -304.8, respectively. It is noticed that
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the intersect is not equal to zero due to the conductive mechanism of this type of
composite. It has been suggested that the conduction in metal-insulator composite
is dominated by the tunnelling process which occurs only when the applied pressure
exceeds a certain threshold (Canavese et al., 2012; Toker et al., 2003; Abyaneh and
Kulkarni, 2008). By applying some pressure to the composite, the conductive particles
embedded in the polymer can be forced to come closer and closer (Fig. 4.9). When
the distance between two adjacent particles is narrow enough, the tunnelling process
starts to occur and results in a decrease of resistivity.
Figure 4.9: The formation of conductive paths in typical conductive filler-polymer
composite by applying increased pressure (Abyaneh and Kulkarni, 2008).
Now the values of wall shear-stress obtained from experiments can be compared to (i)
the analytical solution valid for the Newtonian fluid (pure glycerol) only and (ii) to
simulation results for XG solution at di↵erent flow rates, as shown in Fig. 4.10(a) and
4.10(b), respectively. Overall, it is found that a reasonably good agreement between
experiments and the analytical solution for Newtonian fluid and simulation values
for XG solution. Deviations become more pronounced at higher flow rates (or shear-
stresses) where small deformation assumption and the linear relationship between the
change in resistance and shear-stress begin to fail.
Using the procedure discussed above, the wall shear-stress can be calculated using
Eq. 4.21 for di↵erent working fluids in order to obtain the fluid viscosity as a function
of shear-rate. In the following section, the viscosity of Newtonian and non-Newtonian
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Figure 4.10: Comparison of wall shear stress from (a) experimental and analytical
results for Newtonian fluid (pure glycerol) and (b) experimental and simulation results
for XG solution as a function of flow rates.
liquids is measured in the microfluidic device and compare the data to a commercially-
available macroscopic rheometer.
4.3.3. Shear Viscosity Measurement
The feasibility of measuring the viscosity of liquids using the microfluidic-based
rheometer is tested using the Newtonian fluids mentioned in Section 4.2.4. The change
of resistances in a piezoresistive sensor placed on the walls of microchannel (width
w = 100 µm, depth d = 100 µm) is measured to obtain the wall shear-stress and
consequently calculate fluid viscosity. Fig. 4.11 shows viscosity data obtained both
with the commercially available macroscopic rheometer Bohlin (solid gray symbols in
Fig. 4.11) and the proposed microfluidic rheometer (open color symbols in Fig. 4.11).
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Figure 4.11: Rheometry: data obtained from both commercially available macro-
scopic rheometer (Bohlin) and microfluidic device. Shear viscosity measured using
the microfluidic-based rheometer at an ambient temperature of 23.5  C for both New-
tonian and non-Newtonian fluids. The solid gray symbols represent data obtained us-
ing the commercially available macroscopic rheometer (Bohlin), while the open color
symbols represent results using the microfluidic-based rheometer. The Newtonian
fluids show a constant viscosity even at high shear-rates, while the non-Newtonian
fluid shows a shear-thinning behavior.
The microfluidic data shows, as expected, that the viscosity values of all Newtonian
fluids are independent of shear-rate. In addition, shear viscosities measured by both
commercially available macroscopic rheometer (Bohlin) and microfluidic-based device
are compared with expected viscosity values (see Table 4.1). It is noted that there are
some discrepancies in measured viscosity data for both macroscopic and microfluidic
rheometers compared to the expected viscosity values. These discrepancies are most
likely caused by the variations in temperature since the viscosity of glycerol is known
to be highly temperature-dependent.
It is noted that significant viscous heating and inertial e↵ects (Re⇠10) are observed
for viscous fluid being tested in the commercial rheometer. Viscous heating e↵ects are
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Table 4.1: Shear viscosity measured by macroscopic rheometer and microfluidic-based
rheometer.
Fluid
Viscosity (mPa·s) Error (%)
Macroscopic Microfluidic Expected Macroscopic Microfluidic
(Bohlin) device (Bohlin) device
Pure glycerol 994.2 ± 23.3 931.0 ± 17.8 938.0 6.0 0.8
90%-glycerol 179.3 ± 3.9 120.9 ± 5.2 155.8 15.1 22.4
65%-glycerol 17.2 ± 0.3 15.9 ± 0.2 12.9 33.3 23.3
minimized in the microfluidic rheometer because it operates under continuous flow
rather than in batch mode; the microfluidic pressure sensors only probe fresh fluid.
Also, the flow is purely viscous (low Re) even at high shear-rates due to the system
inherent small length scales (L=100 µm). The microfluidic investigated here device
can perform at shear-rates up to 104 s 1 while maintaining a nominal Re below 1,
which simplifies the analysis of rheological data and avoids undesirable hydrodynamic
instabilities.
Next, the microfluidic rheometer is tested using the shear-thinning XG solution. As
discussed in section 4.2.6, the fluid viscosity of shear-thinning fluids can only be ob-
tained by adequately estimating the values of the wall shear-rate  ˙w using numerical
simulation results along with the wall shear-stress ⌧w values measured using the pres-
sure sensor. It is found that the shear-dependent viscosity values of the XG fluid is
in good agreement with the values obtained using a commercial rheometer, as shown
in Fig. 4.11. In addition to viscosity values, the shear-stress values are compared to
the values obtained using (i) microfluidic rheometer, (ii) numerical simulations, and
(iii) macroscopic (commercial) rheometer. Figure 4.12 shows shear-stress data as a
function of shear-rate, and a good agreement is found among all the above-mentioned
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Figure 4.12: Shear-stress of non-Newtonian fluid (5000 ppm XG) measured using
the microfluidic-based rheometer and macroscopic rheometer Bohlin, and computed
using COMSOL.
cases.
The measurement capability/sensitivity of this microfluidic rheometer is set by the
signal to noise ratio in measuring the wall shear-stress which is limited by the bond-
ing strength of the device (Eddings et al., 2008). In our experiments, the average
bonding strength is approximately 200-500 kPa. On the other hand, experiments
must be performed in the small-displacement regime so that linearity between the
change in resistance and pressure drop can be ensured (Eq. 4.17). Given these two
limiting regimes, the dynamical range in measuring shear-stresses in this microfluidic
rheometer ranges from 1 Pa to 350 Pa; the resolution is approximately 0.1 k⌦ for
the resistance measurement, which implies a sensitivity of 1 Pa for the shear-stress
measurement. This resolution also sets the lower end of measurement capacity of the
device. The dynamical range and sensitivity can be vastly increased by improving the
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membrane fabrication by using di↵erent materials and relaxing the linearity limit.
4.4. A Biological Application: Rheology of Blood Plasma in
Microfluidic Devices
4.4.1. Experimental Setup
The schematic image of the channel geometry with a 16:1:16 planar contraction-
expansion is shown in Fig. 4.13(a). This geometry has a significant elongation flow
component, and resembles flow in tapering and restricted vessels. In this experiment,
I use a microchannel with an upstream channel width, Wu = 400µm, downstream
contraction width, Wc = 25µm, contraction length, Lc = 100µm and uniform depth,
h = 50µm (Fig. 4.13a). Note that the ratio of the expansion width to the contrac-
tion width is 1:16 which sets the (Hencky) elongation strain " = ln(16) ⇡ 2.8. The
microchannels are made of PDMS using standard soft lithography methods.
Pressure measurements are taken by directly incorporating two pressure taps (Honey-
well 26PC) into the microchannel, both upstream and downstream of the contraction
plane (as shown schematically in Fig. 5.2b). The 26PC series pressure sensors op-
erate at a pressure range of 15 psi and are equipped with a needle port (o.d. =
1.78 mm). The pressure sensors are used to cover a di↵erential pressure range of 0 <
 P < 56.5kPa. The voltage output of each of the sensors is calibrated for the di↵er-
ential pressure range using a static external pressure source (Eppendorf Femtojet).
This type of measurements have been successfully applied to investigate the flow of
viscoelastic fluids in expansion-contraction microfluidic devices (Rodd et al., 2005,
2007).
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Figure 4.13: (a) Schematic of the channel geometry. The ratio of the planar
contraction-expansion is 16:1:16. The upstream channel width isWu = 400µm, down-
stream contraction width is Wc = 25µm, contraction length is Lc = 100µm, and
uniform depth is h = 50µm. (b) Schematic of pressure drop measurements. Pres-
sure measurements are taken by directly incorporating two pressure taps (Honeywell
26PC) into the microchannel, both upstream and downstream of the contraction
plane.
Here, I measure the di↵erential pressure drop ( P ) as a function of flow-rate (Q) for
both plasma and water. In order to do this, two pressure taps are integrated into the
microchannel at locations 7 mm upstream and 7 mm downstream of the contraction.
The inlet port is connected to a constant displacement-rate syringe pump (Harvard
Apparatus PHD2000). In the experiment the pump generates volumetric flow-rates
spanning the range 75  Q  1000 µL/min.
In each of the steady-state experiments, the pressure is recorded for a time of ap-
proximately 5 minutes after the commencement of flow. The flow-rate is increased
incrementally, to achieve a range of steady-state pressure drops corresponding to
flow rates, 75 < Q < 1000µL/min. The pressure drop for each flow-rate is taken as
the mean steady-state value of the fluctuating values as read from a digital storage
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oscilloscope (Tektronix TDS 2004C).
Here I define the Reynolds number as Re=⇢UDh/µ0, where ⇢ is the fluid density, U is
the fluid velocity, µ0 is the fluid zero shear viscosity, and Dh is the hydraulic diameter
that is given by
Dh =
2Wch
Wc + h
. (4.23)
Therefore, Reynolds number can be written as
Re =
⇢UDh
µ0
=
2⇢Q
⇢0(Wc + h)
. (4.24)
To illustrate the nonlinearity in the flow resistance of plasma relative to a linear
Newtonian fluid (DI water), I define a dimensionless pressure drop ( P ) as the ratio
between the pressure drop at a given flow rate and the pressure drop of water at the
same flow rate:
 P¯ =
 Pp(Q)
 Pw(Q)
, (4.25)
 P = RQ, (4.26)
4.4.2. Results and Discussion
In Fig. 4.14(a), I show experimental data on the di↵erential pressure drop  P = P2
  P1 as a function of flow rate Q. It is found that for relatively small values of Re (Re
< 150), the pressure drop measured for both water and plasma increases linearly with
Q up to approximately 200µL/min. Surprisingly, however, values of the pressure drop
for human plasma appears to deviate from the Newtonian (water) linear behavior at
higher-flow rates (Q>200µL/min). The plasma fluid shows a clear viscosity thinning
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behavior as the flow-rate, or equivalently Re, is increased.
Figure 4.14: (a)Total pressure drop versus flow rate for DI water (black squares),
and plasma (black circles) for flow through a 16:1:16 planar expansion-contraction
microfluidic device. The data shows unusually high values of pressure drop for human
blood plasma compared to DI water. Blood plasma shows a nonlinear, ‘thinning’
behavior of pressure drop as a function of strain-rate. (b) Dimensionless pressure
drop vs. Re for flow through a 16:1:16 planar expansion-contraction microchannel,
indicating slight nonlinear behavior.
In order to further illustrate the plasma non-Newtonian behavior, the values of pres-
sure drop for water at a given flow-rate are used to non-dimensionalize the pressure
drop of plasma at the same given flow-rate using Eq. 4.25. Figure 4.14(b) shows this
non-dimensionalized pressure (Eq. 4.25) as a function of Reynolds numbers. It is
clear from the data that the hydrodynamic resistance of the human plasma decreases
sharply as a function of Re. This indicates that blood plasma possesses an exten-
sional strain-rate thinning behavior similar to micellar solutions. Note that as the
Re is increased further, the normalized pressure drop approaches the values of pure
water.
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4.5. Summary and Conclusions
In this chapter, a PDMS-based microfluidic rheometer that uses in-situ pressure
sensors to calculate the viscosity of viscous fluids is demonstrated. Results are
presented for both Newtonian and non-Newtonian (i.e. shear thinning) fluids for
shear-rates up to 104 s 1. The microfluidic device consists mainly of a channel layer
and a sensing membrane integrated with piezoresistive pressure sensors via plasma
surface-treatment. The micro-pressure sensors are fabricated using conductive par-
ticles/PDMS composites and embedded in a 120 µm thick membrane that can be
bonded with di↵erent channel geometries. The fluid wall shear-stresses are calcu-
lated by measuring the change of resistances of the sensor in order to estimate the
fluid viscosity. Corrected values of the shear-stress for non-Newtonian fluids are
obtained using numerical simulations. Experimental validation of this microfluidic-
based rheometer is performed using calibration oil of known viscosity as well as the
macroscopic rheometric data, both of which achieved good consistency.
Importantly, for all the experiments shown for Newtonian and shear-thinning fluids
using the microfluidic device, the Reynolds numbers is below 1. In fact, the value of
Re for the lowest viscosity fluid at the highest shear-rate is approximately 0.86. Vis-
cous heating, a problem usually encountered in macroscopic devices for high-viscosity
fluids at high shear-rates is minimized in the microfluidic device. This can be quan-
tified using the Nahme number usually defined as Na = ↵Tv2µ/k, where ↵T is the
temperature coe cient of viscosity, v is the velocity, and k is the thermal conduc-
tivity. In all the experiments, Na is smaller than 10 4 which indicates that viscous
dissipation is negligible. The mode of operation, continuous flow versus batch, is also
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an important di↵erence between the continuous-flow operated microfluidic device and
the batch-operated conventional rheometer. The use of fresh fluid minimizes viscous
heating and fluid degradation during measurement. Importantly, the simple design,
easy fabrication, low cost, and biocompatibility make this microfluidic rheometer easy
to integrate with other systems.
The method of pressure drop measurement is further applied to measure the steady
viscosity of a biological complex fluid, namely blood plasma. In summary, pronounced
viscoelastic behavior of human blood plasma is found in a microfluidic device using
di↵erential pressure measurements. Such measurements in a 16:1:16 planar contrac-
tion - expansion geometry confirmed the Non-Newtonian character of blood plasma.
It is found that the decreasing dimensionless pressure drop for increasing Re coupled
with the strong extensional flow generated by the contraction - expansion geometry
strongly suggests that blood plasma is acting as a strain-rate thinning fluid. In view
of this finding, it is expected that the viscoelasticiy of blood plasma has to be taken
into account in future studies.
It is known that many biological fluids of biomedical interest contain cells, proteins
and exhibit non-Newtonian behavior. Therefore, characterizing the flow behavior of
biological fluids, like blood and saliva, at small scales is especially important to many
biomedical application. The microfluidic rheometer discussed in this thesis provides
a fast and inexpensive way to test the e↵ect of additives or pathogens on the flow
properties of blood. The rheological or flow behavior of blood could then be used as
a portable diagnostic tool for diseases such as malaria in which red blood cells are
known to sti↵en and produce life-threatening clots and organ malfunction.
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CHAPTER 5 : Unsteady Rheological Measurements of
Material Relaxation in Microfluidic Devices
5.1. Introduction
Many fluids of practical interest for lab-on-a-chip devices contain polymers, cells, or
solids and exhibit non-Newtonian behavior. Examples include polymeric solutions,
DNA suspensions, foams, and human blood. An important feature of many non-
Newtonian fluids is that they often exhibit viscoelasticity (Larson, 1999; Bird, 1987).
In such fluids, the mechanical stresses are history-dependent and rely on a character-
istic time   that in dilute solutions is proportional to the relaxation time of a single
polymer molecule or cell, for example (Larson, 1999; Bird, 1987). In semi-dilute so-
lutions,   depends also on molecular interactions. These stresses grow nonlinearly
with strain rate and can dramatically change the flow behavior in microfluidic de-
vices (Haward et al., 2012; Chikkadi et al., 2011; Sousa et al., 2011; Juarez and
Arratia, 2011; Groisman and Steinberg, 2000; Arratia et al., 2009, 2006; Rodd et al.,
2005; Groisman et al., 2003; Smith and Chu, 1998). A common challenge in rheology
is to reliably measure the viscoelastic properties, such as  , of fluids at low strains
and for fluids with small, but finite amounts of elasticity (Tirtaatmadja et al., 2006).
The viscoelastic response of fluids generally depends on the time scale at which the
sample is probed (Larson, 1999). Viscoelastic properties (e.g.  ) are usually measured
under time-dependent or dynamic conditions in macroscopic rheometers by imposing
a known stress or strain. The shortest accessible time scale is limited by the onset of
inertial e↵ects, when the oscillatory shear wave decays appreciably before propagating
throughout the entire sample. If the shear strain amplitude is small, the structure
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is not significantly deformed and the material remains in equilibrium, leading to
inaccurate measurements. Microfluidics o↵ers an exciting alternative for measuring
the viscoelastic properties of fluids. The exquisite flow control of microfluidic devices
allows for precise manipulation of the applied stresses to the fluid sample, which are
determined by applied pressures and channel geometry, unlike force transducers in
macroscopic rheometers which can be expensive and lack resolution at small strains.
The use of high-speed cameras and high-power microscopy allows for extremely precise
resolution in both time and space. Furthermore, at small length scales, the Reynolds
number remains low even at high strain rates, avoiding inertial instabilities. The
Reynolds number Re is the ratio of inertial to viscous forces and is usually defined
as Re = ⇢UL/µ, where µ and ⇢ are fluid viscosity and density, U is mean fluid
velocity, and L is a characteristic length scale. To date, a number of methods have
successfully measured material properties, such as viscosity, yield stress, and shear-
thinning exponents in microfluidic devices (Pan and Arratia, 2012; Nordstrom et al.,
2010; Pipe et al., 2008; Degre et al., 2006; McKinley and Sridhar, 2002).
Most of that previous work, however, has focused on steady-state rheology (Haward
et al., 2012; Chikkadi et al., 2011; Sousa et al., 2011; Juarez and Arratia, 2011; Nord-
strom et al., 2010; Groisman and Steinberg, 2000; Arratia et al., 2009, 2006; Degre
et al., 2006; Rodd et al., 2005; Groisman et al., 2003; Smith and Chu, 1998). With
few exceptions (Haward et al., 2011; Hohne et al., 2009), the dynamic viscoelastic
properties of fluids have not been measured in microfluidic devices. And although
steady rheology is of fundamental importance, there are many microfluidic operations
in which time-variant flows are the norm including mixing (The et al., 2008), pump-
ing (Unger et al., 2000), and sorting (Wang and et al., 2005; Huang et al., 2004).
Here, we present a creep recovery test in a microfluidic device capable of measur-
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ing the relaxation time ( ) of fluids. Our method is simple and cost-e↵ective and
can use equipment found in most laboratories. Furthermore, the flow-through opera-
tion of the device continually renews the sample. This minimizes the degradation of
often-fragile samples during experiments because the time spent at high shear-rates
is relatively small compared to batch operations such as cone-and-plate rheometry.
The working principles are demonstrated with both Newtonian and viscoelastic flu-
ids. Our experiments can make sensitive measurements at time scales of 20 ms at
strains as small as 0.01. Thus, this method has potential applications for numerous
biological materials, including dilute polymeric solutions in which small time scales
at low strain are di cult to measure.
Figure 5.1: Experimental setup schematic. Pressurized air drives fluid through a
microfluidic channel. A pneumatic valve outside of the channel rapidly releases the
applied pressure. Placing the outlet reservoir at the same height as the inlet fluid
ensures there is no gravity-driven flow. Velocity profiles are measured at the center
plane of the channel.
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5.2. Experimental Method
5.2.1. Experimental Design
The microfluidic device consists of a square microchannel, a constant-pressure source,
a pneumatic valve, and two reservoirs, as shown schematically in Fig. 5.1. The mi-
crochannel is made of polymethyl methacrylate (PMMA) and is 500 µm deep, 500 µm
wide, and 3 cm long. The microchannel is sealed with optically clear tape. The chan-
nel is connected to a constant-pressure air supply, in this case a pressure-controlled
pump (Eppendorf, 920010504), which sustains a prescribed pressure drop across the
length of the channel. This applied pressure drop can be rapidly released by opening
the pneumatic valve (Parker, 912-000001-003). Particle tracking velocimetry meth-
ods (Arratia et al., 2005b, 2006; Shen and Arratia, 2011; Crocker and Grier, 1996) are
used to obtain velocity profiles of both viscoelastic (Fig. 5.2) and Newtonian (Fig. 5.2,
inset) fluids. It is found that for a Newtonian fluid, the flow stops almost instanta-
neously once the pressure drop is removed (Fig. 5.3a). However, for a viscoelastic
fluid, there is an observable material relaxation (Fig. 5.3). Here, it is shown that this
material relaxation can be reliably quantified (Fig. 5.4).
5.2.2. Working Fluids
Both Newtonian and viscoelastic fluids are used in this work. The Newtonian fluid is a
96% glycerol aqueous solution of viscosity µ ⇡ 0.6 Pa·s. Viscoelasticity is investigated
by preparing dilute polymeric solutions of various molecular weight (MW) so that
di↵erent levels of elasticity can be studied. The polymer used is polyacrylamide
(PAA), a linear molecule with a flexible backbone. The molecular weights that are
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used in the experiments are: 1.5⇥103, 1.0⇥1.04, 1.0⇥106, 5.0⇥106, and 1.8⇥107. The
overlap concentration c⇤ for these MWs are 4.5⇥ 105, 1.05, 3400, 1300, and 350 ppm,
respectively. The concentrations are chosen in the dilute regime such that c/c⇤ = 0.3
for each MW. The polymer is then dispersed in a viscous Newtonian solution of 90%
glycerol and 10% DI water. In this way, the elasticity increases with MW, while the
shear viscosity remains roughly constant (⇡ 0.3 Pa·s) (Arratia et al., 2009).
5.2.3. Working Principles
The creep recovery test in the microchannel begins by applying an initial (shear)
stress and allowing the sample to flow steadily, then rapidly releasing the pressure.
The ensuing material response is measured as a time- and position-dependent strain,
computed from velocity measurements during the entire pressure release process. The
strain is fit to a general viscoelastic model undergoing elastic recoil due to cessation
of a steady shear stress.
For all fluids, the applied shear stress (⌧) is determined by a force balance, ⌧ =  PL y,
where here y is the distance from the center of the channel and  P is the pressure
drop across the length (L) of the channel (Nordstrom et al., 2010; Degre et al., 2006).
In this way, the initial shear stress can be calculated from the controlled pressure
drop. At t = 0, the applied pressure drop across the length of the channel is released
and the shear stress rapidly approaches zero (within 10 ms). Next, the velocity
profiles v(y, t) are measured as a function of channel position y and time t using
particle tracking methods (Crocker and Grier, 1996; Arratia et al., 2006). In short,
the fluid is seeded with small fluorescent particles (3 µm in diameter) that are tracked
using a CMOS camera and an epi-fluorescent microscope. The images are taken at
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a frame rate of 2000 frames per second to ensure that one particle could be tracked
for a certain period of time with a displacement smaller than the distance between
two adjacent particles. The particle tracks are measured at a mid-plane between the
top and bottom walls of the channel in order to minimize the e↵ects of out-of-plane
velocity gradients (Fig. 5.1); the thickness of the measuring plane is approximately
10 µm. The measured particle tracks are then used to compute the velocity profiles.
Figure 5.2: Velocity profiles of the PAA solution with MW 1.8⇥107 at di↵erent times.
The inset plots the steady velocity profile for the Newtonian fluid and is overlaid with
the analytical solution. For the PAA solution, flow is initially positive, but rapidly
reverses direction when the applied pressure is released. Velocity profiles approach
zero over time as the fluid relaxes.
Figure 5.2 shows velocity profiles for a polymeric solution (MW=1.8 ⇥ 107) and the
Newtonian fluid (Fig. 5.2 inset). The inset shows that the Newtonian velocity profile
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is nearly parabolic and it is well captured by the analytical solution (Happel and
Brenner, 1983). The viscoelastic data show a nearly-parabolic profile even as fluid
relaxes to zero flow once the pressure drop is released. The flow reverses sign once
pressure is released (t = 0); the fluid velocity approaches zero over the fluid relaxation
time  . The velocity profiles v(y, t) are used to compute the shear rate ✏˙(y, t) as
✏˙(y, t) =
@v(y, t)
@y
. (5.1)
The strain ✏(y, t) is then defined as
✏(y, t) =
Z t
0
✏˙(y, t0)dt0, (5.2)
which will be denoted as ✏(t) from now on. The recoverable creep function can also
be defined as
Jr =
✏(t)
⌧0
, (5.3)
where ⌧0 is the initial shear stress. Note that the shear stress, shear rate, and strain
all depend on the channel position y. Thus, for any fixed pressure drop across the
length of the channel, I apply a range of stress values and likewise measure a range
of strain rates and strain.
Figure 5.3(a) shows the time-resolved average velocity ev(y, t) along a streamline (fixed
y) for a polymeric solution (MW=1.8⇥ 107) and the Newtonian fluid as the pressure
is released. Also shown in Fig. 5.3(b) and 5.3(c) are the strain ✏(y, t) and recoverable
creep function Jr(t) for the same polymeric solution. The relaxation time   is then
calculated by fitting the strain data to a general viscoelastic model undergoing the
cessation of a steady shear stress, which is a well-known calculation Bird (1987). The
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Figure 5.3: (a) Normalized velocity at the center of the channel versus time for a
Newtonian fluid and a PAA solution. The Newtonian case shows that the applied
pressure is released within 10 ms. (b) Strain versus time for di↵erent channel positions
y for a PAA solution with MW 1.8 ⇥ 107. The recovery portion is fitted, the region
where t > 0, to the Kelvin-Voigt model, Eq. 5.4. (c) Recoverable creep Jr(t),
determined by Eq. 5.3, versus time for di↵erent channel positions.
solution is of the form
✏(t) = ✏0e
 t/ . (5.4)
Note that a more specific model such as the Je↵rey model or the Kelvin-Voigt model,
under the same specified conditions, will also result in the exponential form of strain
as shown in Eq. 4. However, since any generalized viscoelastic model results in
approximately this form of strain (Bird, 1987), our measurement does not require
more detailed modeling, which can be challenging for complex fluids.
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The values of   are shown in Fig. 5.4 for di↵erent polymeric solutions. Note that the
strain data are fit from t = 0, where ✏ is at a maximum, until a time t1, where ✏
remains roughly constant. The time t1 is chosen such that the ratio ✏˙(t = t1)/✏˙(t =
0) is less than 0.05.
5.3. Results and discussion
In this section, the feasibility of measuring time-dependent behavior of viscoelastic
fluids using a simple microfluidic device is tested. It is shown that once the applied
pressure drop along the channel is released, the flow in the Newtonian fluids stops.
Viscoelastic materials, however, recoil, a process in which I observe tracer particles
rapidly reversing direction, and then coming to rest over the relaxation time of the
fluid. In Fig. 5.3(a), the normalized center velocity versus time is plotted for both the
Newtonian fluid and the PAA solutions. For the Newtonian case, the time necessary
for the applied pressure to be released is approximately 10 ms. This time scale is set
by the time it takes for the pneumatic valve to completely open. A very di↵erent
behavior is observed for the case of a polymeric solution (PAA, MW=1.8 ⇥ 107),
as shown in Fig. 5.3(a). Flow reversal and a much longer approach to zero flow is
observed for the polymeric solution (Fig. 5.3a).
Strain curves ✏(t) (Fig. 5.3b) and recoverable creep Jr(t) (Fig. 5.3c) for all polymeric
solutions are computed from the time-dependent velocity profiles (Fig. 5.2) and the
method discussed above. The quantities ✏(t) and Jr(t) can be computed at di↵erent
channel position y. It is found that both quantities show an approximately exponen-
tial decay with time.
The polymeric solution’s relaxation   is computed by fitting the strain data to the
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Figure 5.4: Fluid relaxation time   versus recovered strain ✏r for all polymeric so-
lutions. Symbols are labeled by molecular weight. (b) Averaged relaxation time  
versus polymer molecular weight shows scaling consistent with FENE-P model.
general viscoelastic model (Eq. 4). Figure 5a shows the values of   as a function of
recovered strain. Here, the recovered strain ✏r is defined as the di↵erence between
the maximum strain value and the strain value as t!1. These tests are conducted
at initial  P values of 5, 10, and 20 kPa. The overlap of   for each MW of di↵erent
initial pressure drops assures reproducibility and defines the level of uncertainty. We
also find that the time scale is nearly independent of strain (Fig. 5.4a). The lowest
measured time scale is 20 ms for the fluid with MW 1.0⇥104. However, in Fig. 5.4(a),
we see an increase in noise for this fluid, marking the lower end of the device resolution
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consistent with the 10 ms time scale it takes to release the applied pressure (Fig. 5.3a).
Figure 5.4(b) displays the average   as a function of MW for all polymeric solutions.
Also displayed in Fig. 5.4(b) is the predicted scaling of polymeric solutions by the well-
known finite extensibility nonlinear elastic (FENE) constitutive model,   ⇠ MW2/3
(Peterlin, 1966; Bird, 1987). We note that there is certain discrepancy between the
experimental data and the fitting for small MW. This is caused by the limitations
of the model; for instance it assumes a mean relaxation time, while real polymeric
solutions have some spectrum of relaxation times. We also characterize the fluid with
a single relaxation time, yet the technique used here measures the longest relaxation
time, not the mean. Therefore, the di↵erences between our measurements and the
FENE model prediction in the scaling of   are expected. In addition, we are unable
to measure the time scale of the MW 1.5⇥ 103 PAA solution.
Finally, we compare the values of   obtained using the microfluidic device to results
obtained using a commercially available rheometer (Arratia et al., 2009). The values
of   using the cone-and-plate rheometer for the MW 1.0⇥104, 1.0⇥106 and 1.8⇥107
PAA solutions are 0.009 s, 0.06 s, and 0.45 s, respectively Arratia et al. (2009). It
is important to note that the time scale of the MW 1.5 ⇥ 103 PAA solution could
not be reliably measured in the macroscopic rheometer due to lack of sensitivity in
measuring the fluid first normal stress di↵erence (N1). Di↵erences between the mea-
surements could be the result of variations in the distribution of MW within the
polymer solutions as well as the fact that these two techniques probe the sample in
di↵erent ways, resulting in changes between the observable time scales. Nonetheless,
the data presented in Fig. 5.4 are very close to the values obtained with the com-
mercial rheometer. These results indicate that microfluidics can be reliably used to
obtain creep and relaxation data of complex, viscoelastic fluids.
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5.4. Summary and Conclusions
In summary, it has been demonstrated the feasibility of measuring the fluid relax-
ation and creep recovery in a microfluidic device. The relaxation times are measured
as low as 20 ms at small strain, ranging from of 0.01 to 10. The relaxation data
are consistent with measurements in commercial rheometers (Arratia et al., 2009)
and with a well-known viscoelastic constitutive model, namely the FENE model (Pe-
terlin, 1966; Bird, 1987). The ability to measure small time scales at low strains
in fluids can be a challenge, especially in many biological fluids of interest such as
blood plasma, DNA solutions, and fluids containing proteins. However, the method
proposed here provides an inexpensive method to observe material relaxation and per-
form time-dependent rheological measurements, particularly small relaxation times
at low strains, to compliment traditional macroscopic rheometry.
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CHAPTER 6 : Concluding Remarks
6.1. Summary of Dissertation
This thesis studies the flow behavior and rheological characterization of complex fluids
in microchannel flows. This work makes substantial contribution to the fundamental
understanding of purely elastic instabilities of viscoelastic fluids in open flows partic-
ularly in parallel shear geometries. The microfluidic-based rheometer or “Rheology-
on-a-Chip” developed here has the potential to facilitate more accurate and reliable
measurement of material properties of complex fluids in high velocity-gradients (or
shear-rates) environments. Furthermore, the simple design, easy fabrication and bio-
compatibility of the microfluidic-based rheometer make it possible to integrate with
other microsystems to implement more sophisticated functions. When the system
length is scaled down fast, the fundamental physics changes even faster. One of the
important changes is that the inertial force responsible for numerous flow instabilities
and turbulence is negligible in microfluidic systems due to the system small length-
scale. The lack of inertial driven nonlinearities, however, dose not render microfluidic
flows uninteresting. Quite the opposite: the lack of inertia and strong flow stabil-
ity can be used for study of fundamental sciences as well as applications in physics,
chemistry, biology and medicine.
In this work, microfluidic system has been served as a preferred platform to study
purely elastic instabilities in open channel flows at low Reynolds numbers. It is
presently believed that curved streamlines are a necessary condition for the onset of
elastic instabilities (McKinley et al., 1996; Pakdel and McKinley, 1996). However,
experimental evidences shown in this thesis point towards the existence of elastic
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instabilities even in flows with parallel streamlines (no curvature) at low Re. Experi-
ments are performed in a long, straight microchannels that are fabricated using stan-
dard soft-lithography method (McDonald and Whitesides, 2002; Sia and Whitesides,
2003; Xia and Whitesides, 1998). Locally initial perturbation with finite amplitude
is introduced to parallel shear flow by placing various number of cylinders (0 < n <
15) in the channel. Particle tracking velocimetry (PTV) method is used to quantify
the flow fields both far upstream and downstream from the initial perturbation re-
gion in order to monitor the development the initial perturbation. Viscosity of the
viscoelastic fluid used here shows weakly dependence on the shear rate. Therefore,
elastic force dominates over both inertial and viscous forces in this work.
In the open microchannel flow, measurements are taken in three di↵erent regions:
initial perturbation region, downstream flow region, and upstream flow region. The
initial perturbation is characterized at the location immediately after the last cylinder
(1W ) and exhibits a forward bifurcation without hysteresis. Furthermore, the initial
disturbance is sustained downstream far away from the cylinders in the parallel shear
geometry. Above a critical Weissenberg number (Wi > 5.4), the velocity fluctuations
increase nonlinearly with Wi. A sharply increase of velocity fluctuations together with
a hysteresis loop indicate the presence of a nonlinear subcritical elastic instability
in the far downstream flow. This scenario is akin to the transition from laminar
to turbulent flow of Newtonian fluids in pipe and channel flows, except that the
instability is caused by the nonlinear elastic stresses and not inertia (Hof and et al.,
2004; Avila and et al., 2011). On the other hand, for the upstream flow far before
the cylinders, the transition from steady to unsteady flow is characterized by a linear
elastic instability. Above a critical Wi (Wi > 5), the velocity fluctuation increases
linearly with Wi until it reaches the saturated state. A possible mechanism leading
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to an upstream instability has been proposed (Hulsen, 1993; Rodd et al., 2007, 2010)
in which the viscoelastic stresses can be transferred upstream via viscoelastic shear
waves when the local fluid velocity is smaller than the speed of the viscoelastic shear
waves. In other words, the upstream instability occurs when the disturbance spreads
faster than it advects.
These macroscopic flow instabilities are caused by particular the rheological proper-
ties of polymeric solutions. Reliable rheological measurements of complex fluids in
general are then critical to the understanding of the many anomalous flow phenom-
ena including purely elastic instabilities in microchannel flows. However, this is not
an easy task using commercially-available macroscopic rheometer due to the devel-
opment of hydrodynamic instabilities at high speed (U), as well as edge e↵ects and
viscous heating problem. Due to its inherent small length scale (L), microfluidics has
become an attractive system to study rheological properties of various fluids at high
shear rates (U/L) in the absence of inertia. In this work, microfluidic technology
is used to characterize rheological properties of complex fluids including polymeric
solutions and human blood plasma in microchannel flows.
This work develops a PDMS-based microfluidic rheometer that uses in-situ piezoresis-
tive pressure sensors to measure fluid viscosity at high shear rates up to 10 4s 1. Both
Newtonian and non-Newtonian (shear-thinning) fluids are used to test the perfor-
mance of this microfluidic rheometer. The micro-pressure sensors are fabricated using
conductive particles/PDMS composites and embedded in a 120 µm thick membrane
that can be bonded with di↵erent channel geometries. The fluid wall shear-stresses
are calculated by measuring the change of resistances of the sensor in order to estimate
the fluid viscosity. Corrected values of the shear-stress for non-Newtonian fluids are
obtained using numerical simulations. Experimental validation of this microfluidic-
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based rheometer is performed using calibration oil of known viscosity as well as the
macroscopic rheometric data, both of which achieved good consistency. Importantly,
for all the experiments shown here in the microfluidic device, the Reynolds numbers
is below 1. The mode of operation, continuous flow versus batch, minimizes viscous
heating and fluid degradation during measurement due to the use fresh fluid.
This research extends the pressure drop measurements to the rheological investigation
of human blood plasma in a microfluidic 16:1:16 planar contraction-expansion device.
The observed decrease of dimensionless pressure drop as Re is increased, coupled
with the strong extensional flow generated by the contraction - expansion geometry
strongly suggests that blood plasma is acting as a strain-rate thinning fluid. In view
of this finding, it is expected that the viscoelasticiy of blood plasma has to be taken
into account in future studies.
Finally, the feasibility of measuring the fluid relaxation and creep recovery in a mi-
crofluidic device is demonstrated. For a Newtonian fluid, the flow in a microchannel
stops almost instantaneously once the pressure drop is removed. However, for a vis-
coelastic fluid, there is an observable material relaxation. Experiments show that,
once the applied pressure drop is released, the flow of viscoelastic fluids rapidly re-
verses direction, and then comes to rest over the relaxation time of the fluid. Such
fluid relaxation times can be measured as low as 20 ms at small strain, ranging from
of 0.01 to 10. The relaxation data are consistent with measurements in commer-
cial rheometers (Arratia et al., 2009) and with a well-known viscoelastic constitutive
model, namely the FENE model (Peterlin, 1966; Bird, 1987). The ability to measure
small time scales at low strains in fluids can be a challenge, especially in many bio-
logical fluids of interest such as blood plasma, DNA solutions, and fluids containing
proteins. However, the method proposed here provides an inexpensive method to
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observe material relaxation and perform time-dependent rheological measurements,
particularly small relaxation times at low strains, to compliment traditional macro-
scopic rheometry.
6.2. Suggestions for Future Work
6.2.1. Instability in Channel Flow with Wormlike Micelles
Wormlike micelles are entangled, high aspect ratio, polymer-like molecules result-
ing from the self-assemble under an appropriate combination of solvent, surfactant,
and counter-ions (Berret, 2006; Salmon et al., 2003; Yesilata et al., 2006). Unlike
conventional polymer molecules, wormlike micelles can break and then recombine
continuously. In particular, many wormlike micelles solutions have been shown to
undergo a shear banding transition (Cates and Candau, 1990; Yesilata et al., 2006;
Pipe et al., 2010). Flow instabilities in wormlike micelles solutions have been studied
in di↵erent flow geometries (Fardin et al., 2010; Haward et al., 2012; Fardin et al.,
2012). For example, Fardin et al. showed that wormlike micelles solutions exhibit
a subcritical instability at high shear rates in Taylor-Couette flow (Fardin et al.,
2010). They found that the flow patter resembles similar features with the elastic
instabilities observed for polymeric solutions. In addition, elastic instabilities have
been observed in microfluidic cross-slot device (Haward et al., 2012; Fardin et al.,
2012; Dubash et al., 2012). Even the flow behavior is akin to polymeric solutions,
the instability in wormlike micelles is more complicated with a combination of fluid
elasticity, flow-induced micellar alignment and curved streamlines. Therefore, it is
important now to investigate the existence of elastic instability for wormlike micelles
solutions in parallel shear flow using the same experimental design for polymeric so-
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lutions described in this work. This proposed work can provide experimental data
on the flow behavior of wormlike micelles in channel flow, which can lead to a bet-
ter understanding of both elastic instability in parallel shear flow and mechanism of
instability in wormlike micelles.
6.2.2. Microfluidic-based Oscillatory Rheometry
Many methods have been proposed and implemented to measure shear and exten-
sional rheological properties of complex fluids using microfluidic devices (Schultz and
Furst, 2011; Gisler and Weitz, 1998; Gittes et al., 1997; Mason and Weitz, 1995;
Pipe et al., 2008; Kang et al., 2005; Laun, 1983; Kim and Pak, 2010; Palmer et al.,
1999). However, oscillatory rheology is still performed using commercially-available
macroscopic rheometer in most cases. The limiting factor for the development of
microfluidic-based oscillatory rheometer is to provide a continuously oscillating flow
in microfluidic devices. From the fabrication point of view, fabricating and integrating
reliably and continuously moving components in microfluidic systems is an extremely
di cult task. In recently years, the development of micro-fabrication technology en-
ables multi-layer microfluidic devices to implement pumping and actuating functions
(Unger et al., 2000; Squires and Quake, 2005). However, some devices require the
fluids to have certain conductivity, while other devices exhibit time delay from the
control of actuation. Here, I propose a novel method to build a microfluidic-based
oscillatory rheometer that can characterize both the viscous and elastic properties
of materials simultaneously. In oscillatory rheometry, the measured stress ⌧ can be
decomposed into viscous and elastic contributions, and is given by
⌧ = G
0
 0sin(!t) +G
00
 0cos(!t) (6.1)
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where G
0
is the in-phase elastic modulus, G
00
is the out-of-phase viscous modulus,  0 is
the strain amplitude, and ! is the oscillatory frequency (Macosko, 1994; Bird, 1987).
As demonstrated in Chapter 2, an array of obstacles in the channel can be used to
produce finite amplitude perturbations to the flow. As a result, the downstream flow
shows velocity fluctuations with certain amplitude and frequency that can be used
as the driving force for a continuously oscillatory flow. Furthermore, the stress can
be measured using in-situ piezoresistive pressure sensors embedded along the channel
wall as developed in Chapter 4.
6.2.3. Rheology of Liquid Metal in Microfluidic Device
As the development of microfluidic electronics, liquid metals have become more widely
used in various components in microfluidics (Squires and Quake, 2005; Cheng and Wu,
2012; Siegel et al., 2007, 2006). It is well known that the viscosity of liquid metal
is highly temperature dependent (Steeton, 2006). More importantly, liquid metal
exhibits a phase transition from liquid to solid state. During this transition, both
viscosity and stress change dramatically. Such rapid changes of rheological properties
have significant e↵ects on applications including liquid metal injection and deposition.
As a result, control and manipulation of liquid metals in microfluidic devices require
better understanding of flow behavior and rheological properties of liquid metal.
In fact, the PDMS-based microfluidic device proposed and implemented in this work
can be further used to measure the viscosity and stress of liquid metal. Note that,
PDMS is the preferred material due to its wide temperature stability from -50 to 140
oC (Chambon and Winter, 1987). Such wide range of temperature stability allows in-
situ time-dependent measurement of material viscosity and stress during liquid-solid
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transition. This proposed work is not only crucial to liquid metal manipulation in
small scales, but can also provide experimental evidence for better understanding and
fundamental knowledge of liquid-solid transition of liquid metal under flow condition.
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